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STUDIES ON THE AMPHOTERIC PROPERTIES OF 
TAKA-AMYLASE A 


I. IONIZATION OF PHENOLIC HYDROXYL GROUPS* 


By TOSHIO TAKAGI ann TOSHIZO ISEMURA 


(From the Department of Biology, Faculty of Science and the Division of Physical 
Chemistry, Institute for Protein Research, Osaka University, Osaka) 


(Received for Publication, March 14, 1960) 


The investigation of the amphoteric properties of a protein gives know- 
ledge useful to the understanding of its other properties. Taka-amylase A 
(Asp. oryzae a-amylase, TAA) has been ‘especially studied in Japan from 
various points of view. However, its amphoteric properties have never been 
investigated. In the present investigation, the ionization of phenolic hydro- 
xyl groups in TAA was studied spectrophotometrically. In addition, the 
effect of pH on the optical rotation and enzymatic activity of TAA were 
studied to see the relation between the ionization of the phenolic hydroxyl 
groups and the structural changes of the TAA molecule. 


EXPERIMENTAL 


Crystalline TAA was prepared from ‘‘ Takadiastase Sankyo’’ according to the method 
of Akabori et al. (J), and recrystallized three times from aqueous acetone. A stock 
solution of TAA was prepared as follows. Crystalline TAA was dissolved in water and 
dialyzed against about 2 liters of 0.02 M sodium acetate for five days to remove the dialy- 
zable calcium ions (2, 3), and then against about 2 liters of 0.1 M potassium chloride for 
three days in a refrigerator with continuous stirring. The outer solution was renewed 
everyday. This stock solution was stored in a refrigerator. The concentration of TAA 
was estimated spectrophotometrically. The extinction of TAA in a buffer (pH 5.6; p= 
0.1) was assumed to be B= 22.1 at 2785 A. The molecular weight of TAA was taken 


as 53,000 as measured by terminal nitrogen (#) and light scattering**. The number of 
tyrosine residues per TAA molecule was taken as 28 (5). 

Solutions for spectroscopic, optical rotatory and electrophoretic measurements were 
prepared in 0.02 M acetate, veronal or glycine buffers containing potassium chloride added 
to a final ionic strength of 0.1. 

Spectroscopic measurements were made at 20+1° with a Cary model 14 MP auto- 
matic recording spectrophotometer equipped with a thermospacer. Ten mm. fused silica 
cells with stoppers were used to avoid a pH drop due to absorbed carbon dioxide. 
Optical densities measurements were corrected for turbidity by subtracting the optical 
densities at 3500 A. 


* A part of this work was presented at ‘‘The Symposium on Protein Structure” 
held by the Chemical Society of Japan, Osaka, October, 1959. 
** K, Hamaguchi, Unpublished data. 
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The pH was measured at 20+2° with a Beckman model GS pH meter. Above pH 
10, an E-2 glass electrode was used. 

The optical rotatory dispersion was measured at 20+0.5° between 420 and 600 my in 
increaments of 20my with a Hitachi photoelectric spectropolarimeter. The concentration 
of TAA solutions were between 0.9 and 3.5 per cent. The samples for optical rotatory 
dispersion measurements were dialyzed overnight against buffer in a refrigerator with 
stirring. Because the specific rotation of TAA increased with time above pH 10.5, the 
dispersion constants were measured after the early rapid change was over. The dispersion 
constants were calculated by Drude’s one-term equation according to the method of 
least squares. 

Electrophoresis was performed at 20+0.05° by the moving boundary method using 
Hitachi model HTB-2 Tiselius type apparatus equipped with the schlieren diagonal system. 

Amylase activity was assayed by the method of Fuwa by determing its dextrinizing 
power, using amylose as substrate (6). 


RESULTS 


Iomzation of Phenolic Hydroxyl Groups—Some typical examples of the ab- 
sorption spectrum between 250 and 320 my and its dependence on pH are 
shown in Fig. 1. In a certain pH region, the ionization proceeds with time 
as shown in Fig. 1 and 2. When absorption at 290 my was plotted against 


pH 11.14 


OPTICAL DENSITY 


0. 
350 260 270 280 200 300 310 
WAVELENGTH (mp) 
Fic. 1. U.V. absorption spectrum of TAA as a func- 
tion of pH and at pH 11.14 as a function of time. The 
concentration of TAA is 0.0448%. 


pH, the curves shown in Fig. 3 were obtained. From this figure we can 
designate three distinct stages in the ionization. Namely, one which occurs 
roughly between pH 9 and 10.5, the second between pH 10.5 and 11.8, and 
the third above pH 11.8. In the first stage, there was no time-dependence 
in the ionization and the extent of ionization was very small. In the second 
stage, time-dependence was remarkable, and the rate of ionization increased 
with increase in pH, as shown in Fig. 2. In the third stage, no time- 
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dependence was observed, but this might be because the rate of ionization 
was so rapid that no time-dependence could be detected. Back-titration 
from pH 12 gave a curve of normal shape, which was quite reversible but 


[ 
ol 


OPTICAL DENSITY Cat 290 mu) 


0.6 3 
| 
0 10 20 


TIME ( minutes ) 

Fic. 2. Changes of absorption of TAA at 290 my with 
time at different pH values. (1) pH 9.31; (2) pH 10.23; (3) 
pH 10.52; (4) pH 10.73; (5) pH 11.06; (6) pH 11.20; (7) pH 
11.75; (8) 13.0. The concentration of TAA is 0.0448%. 


OPTICAL DENSITY Cat 290 mu) 


Os 9 10 I i2 13 
pH 


Frc. 3. Ionization of phenolic hydroxyl groups in TAA. The ioniza- 
tion is independent of time for solid curves (—Q—) and it increases with 
time for broken lines (--@-- zero time; ~-@-- after 4 minutes; --@-—- 
after 2 hours). Blank triangles (—A—), values observed with samples which 
had previously been kept at pH 12 for 30 minutes at 20°. Full triangles 
(—A—), values observed with samples which had previously been kept at 
pH 12 for 30 minutes at 20°, and then back-titrated to pH 9 maintained 
at this pH for 2 hours at 20°. The concentration of TAA is 0.04487. 


did not coincide with the forward-titration curve. The ionization of the 
second stage seems to proceed to the same degree of ionization as was ob- 
served in the back-titration. However, there was no appreciable further 
ionization, even if TAA was stored at pH 10.3 for three days at 10°. This 
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suggests that the state of incomplete ionization encountered between pH 9 
and 10.5 is fairly stable. The change in molar extinction coefficient at 
295 my per phenolic hydroxyl group (calculated from the absorption at pH 
8.4 and 13.0) is about 2750, compared with the values of 2300 found for 
tyrosine (7, 8), 2430 for serum albumin (8), and 2630 for ribonuclease (9). 


= 60 
83 pH 10.6 
S80 
1 40 
pe pH 10.3 
20 
0 100 200 300 


TIME ( minutes ) 
Fic. 4. Change of the specific rotation of TAA with time. 


= Eas 00m of TAA in the neutral pH region is 20.5°. 


280 


260 


Ao (mu) 


240 


Fic. 5. The optical rotatory dispersion of TAA at various 
pH values. Full circles, values observed with samples previously 
kept at pH 10.9 for 1 hour at 30°. 


The Effect of pH on the Optical Rotatory Properties of TAA—Some typical 
examples of the change of specific rotation of TAA with time are shown 
in Fig. 4. At pH 10.3, no appreciable change was observed when TAA 
was stored at 10°. Above pH 10.5, specific rotation increases with increase 
in pH. Fig. 5 shows that the dispersion constant of TAA is almost constant 
in the range of pH 5-10.5*. Above pH 10.5, however, the dispersion con- 


* The dispersion constant of native TAA at neutral pH has been reported by 
Oikawa and Maeda to be 280-290 my (3, 10) and by Jirgensons to be 271 my. 
(17). Our results over a wider pH range indicate that the dispersion constant of native 
TAA is abont 280my. Our polarimeter gave a value of 261 my for the dispersion con- 
stant of lysozyme (12). This is in good agreement with previously reported values. 
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stant decreases abruptly to about 225 mp. 


The Effect of pH on the Enzymatic Activity of TAA—Curve A in Fig. 6 is 
the pH-activity curve of TAA. Activity was measured at 0° to avoid the 


100 


ACTIVITY (%) 


Fie. 6. Effect of pH on amylase activity of TAA. For curve A, 
the activity was tested at 0° at the pH values given; for curve B and 
B’ the enzyme was exposed overnight to the pH values given at 20° 
(B) and 5° (B’), and the activity then tested at 37° at pH 5.5. 


effect of heat denaturation during measurement. Curve B and B’ show the 
activity of TAA at its optimum pH (5.5) after overnight treatment at 20° 
and 5° respectively at the pH’s indicated. So curve B and B’ indicate the 
enzymatic stability of TAA. 


DISCUSSION 


The results shown in Figs. 1-3 suggest that a majority of the phenolic 
hydroxyl groups in TAA are not freely ionizable. These masked groups 
ionize irreversibly above pH 10.5. The data of Figs. 4-6 indicate that the 
TAA molecule is very stable in the pH region where no irreversible ioniza- 
tion occurs. The inactivation above pH 8 as shown in Fig. 6 (curve A) 
seems to be reversible up to about pH 10.5 and not to be accompanied with 
appreciable structural change. Irreversible denaturation and inactivation 
begin when the groups are irreversibly ionized. By extrapolation of the 
zero-time curve in Fig. 3, about 30 per cent of the phenolic hydroxyl groups 
seem to be freely ionizable. The ionization of these groups might be re- 
versible, but this could not be shown due to experimental difficulties. 

Ionization of phenolic hydroxyl groups has been studied with some 
proteins and polypeptides, and there is a considerable difference between 
them. In poly-tyrosine (73), corticotropin (4), insulin (15) and {-lactoglo- 
bulin (J6, 17), these groups ionize reversibly with a normal intrinsic dissocia- 
tion constant. In serum albumin (8) and lysozyme (18, 19), the ionization 
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is reversible, but the intrinsic pK is abnormally high. This suggests that 
the phenolic hydroxyl groups in these proteins are hydrogen bonded and 
brake reversibly (20). On the other hand, the phenolic hydroxyl groups of 
ovalbumin cannot be titrated without destruction of the native structure of 
the protein (7). This suggests that they participate in the maintenance of 
the protein structure through the formation of hydrogen-bonds which are 
irreversibly ruptured, or that they are merely buried in the hydrophobic 
portion of the protein molecule. Finally, in ribonuclease (9, 2/), there are 
both the types of phenolic hydroxyl groups mentioned above. Thus, three 
of the six phenolic hydroxyl groups in ribonuclease have a normal intrinsic 
dissociation constant and ionize instantaneously and reversibly. The other 
three ionize slowly and irreversibly above pH 11.5. 

In connection with the tertiary structure of the TAA molecule, our 
attention is mainly concentrated on the mechanism of the masking of the 
majority of the phenolic hydroxyl groups in TAA. Because of its resistance 
to denaturation by surface active agent (22) and urea (23), and the relati- 
vely high optical rotatory dispersion constant (3, 10, 11), it has been inferred 
that the TAA molecule may have a highly organized stable structure. 
Stabilization of the structure of a protein of such relatively high molecular 
weight as TAA may be adequately interpreted in terms of non-covalent 
intramolecular bonds*, 

All the results mentioned above can be interpreted, if it is assumed 
that the masked phenolic hydroxyl groups play a part in the maintenance 
of the native structure of the TAA molecule. The coincidence of the pH 
value at which irreversible ionization and denaturation begin, seems to 
support this. In addition, it is found that more than 20 carboxylate groups 
per TAA molecule are in a masked state and ionize irreversibly below pH 
4**, This suggests that the masked phenolic hydroxyl groups may be 
hydrogen-bonded to the carboxylate groups. 

Recently Tanford (24) has pointed out that the change of the degree 
of ionization in the pH region where denaturation occurs may be accounted 
for if it is assumed that denaturation brings about large decrease in the 
electrostatic factor w*** that determines the slope of the ionization curve 
(25). To check this point, the theoretical ionization curve of phenolic 
hydroxyl groups was calculated using the following equation (25) for a 
model of native TAA which is a sphere**** having all its ionizable groups 


* Because there are only four cystine residues per TAA molecule, disulfide likages 


cannot be of major importance in the maintenance of the native structure of the TAA 
molecule. 


** Unpublished results by the authors. 

*** Denaturation generally brings about a large extention of the protein molecule, and 
consequently an increase in the distance between charges and the presence of more shield- 
ing electrolyte between them. The effect of these changes on the ionization is reflected 
in the decrease in w. 

**** Though the shape of TAA was inferred to be a prolate ellipsoid with an axial 


ratio of 4/1 (27), a spherical model can be taken to be reasonable for a first approxima- 
tion (25). 
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uniformly on its surface. 
pH=pKin:, + log [og 0-8680Z Cr) 
apt 64 


where pKin:, is intrinsic dissociation constant, a the degree of ionization, 
and Z the net charge of the protein molecule. The net charge was obtained 
from electrophoretic mobility using Henry’s equation modified by Gorin 
(26) assuming the TAA molecule to be spherical, 
= 300 4ryr (1 er+ eri) A 
4.30 10s S (er) +eri) 
where 7 is the radius of molecule, 7; the average radius of the electrolyte 
ion (2.5X 10-5), 7 the viscosity coefficient of the solvent (0.0179), & the usual 
Debye-Hiickel constant (1.03X10"), uw’ the electrophoretic mobility re- 
calculated as the TAA molecule assumes a spherical shape*, and f («r) the 
function of xr given by Henry (0.72). Assuming the molecular volume to 
be (M/N)v where M is the molecular weight, N the Avogadro number 
and v the partial specific volume (0.70) (27), r was calculated for a sphere 
with this volume to be 24.5x10-§cm.. w was calculated as 0.0476 by the 
Linderstrém-Lang equation (25), 
2 
<a oper ( o- ea} Sa 

where ¢ is the electronic charge, D the dielectric constant of the medium, 
k Boltzmann’s constant and T the absolute temperature. The parameter 
r' is the radius of exclusion of small ions taken as r+2.5A. Between pH 10 


(Ir) 


0.5 3 
a 2 
Ae 
0.0 
10 10.5 
pH 


Fic. 7. Ionization of phenolic hydroxyl 
groups in TAA. (1) Experimental curve for 
native TAA; (2) Theoretical curve for a 
model of native TAA which has all its phenolic 
hydroxyl groups on its molecular surface in a 
freely ionizable state (pKint,=9.8); (3) Ex- 
perimental curve for alkali-denatured TAA. 


* The shape of TAA molecule was inferred to be a prolate ellipsoid with an axial 
ratio of 4/1 (27). According to Gorin (28) a cylinder of an axial ratio 4/1 has a mo- 
bility equal to 67 per cent of that of a sphere having the same molecular volume at 0.1 
ionic strength. Approximating a prolate ellipsoid to cylinder, the measured electrophoretic 
mobility of TAA was multiplied by 100/67 to treat it as a sphere. 
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and 10.5, elecrophoretic mobility was measured as 13.9-14.6 cm?./sec./volt 
and Z was found to be nearly constant, 30-33*. Using these values, the 
theoretical ionization curve was calculated. It is shown in Fig. 7 together 
with the experimental curves. The pKin, was taken to be 9.8 found for 
freely ionizable phenolic hydroxyl groups (9). The theoretical curve, ex- 
pected for a native TAA is very like the experimental curve for alkali- 
denatured TAA and considerably deviates from the experimental curve for 
native TAA. This suggests that the abnormal ionization of phenolic hydro- 
xyl groups in TAA cannot be interpreted by the electrostatic effect only. 
It is also to be noticed that in f-lactoglobulin (6, 17) the phenolic hydro- 
xyl groups ionize instantaneously and before the occurrence of alkali- 
denaturation. 


SUMMARY 


1. The ionization of phenolic hydroxyl groups in TAA was studied 
spectrophotometrically. It was found that most of the phenolic hydroxyl 
groups are not freely ionizable but ionize irreversibly above pH 10.5. 

2. From measurements of the optical rotatory properties and enzymatic 
activity, it is inferred that the native structure of TAA is unchanged below 
pH 10.5 but that above this pH it begins to be degradated rapidly. 

3. These results together with theoretical calculations suggest that the 
phenolic hydroxyl groups in TAA play a part in maintaining its stable 
structure. 


The authers wish to thank Sankyo Co., Ltd. for a supply of ‘‘Takadiastase Sankyo’’. 
The authors also grateful to the Ministry of Education for a grant covering part of the 
expenses. 
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STUDIES ON BACTERIAL AMYLASE 


V. CHEMICAL MODIFICATION OF BACTERIAL AMYLASE 
AND COUPLING OF TAKA-AMYLASE A WITH 
p-SULFOBENZENE-DIAZONIUM-CHLORIDE 


By KIN-ICHI SUGAE 


(From the Laboratory of Biochemistry, Faculty of Science, 
Osaka University, Osaka) 


(Received for publication, May 2, 1960) 


The relationship between essential groups of various a-amylases and 
their enzymatic activity have been studied by many workers. 

For instance, Little and Caldwell (/) reported that amino groups 
of pancreatic a-amylase were essential to the activity of this amylase, but 
the phenolic hydroxyl groups of tyrosine were not. This conclusion was 
supported by the recent experiments of Caldwell e¢ al. (2). 

Myrback and Frostell (3) assumed that primary amino groups are 
essential for the combination of malt a-amylase with substrate, while 
Yamamoto (4) showed that Folin’s phenol reagent, 1-fluoro-2, 4-dinitro- 
benzene (FDNB) and _ iodine inactivated bacterial a-amylase (Bacillus 
amyloliquefaciens Fukumoto) slightly in an acid, but remarkably in an alkaline 
solution and he concluded that the tyrosyl and tryptophyl groups of the 
enzyme were essential to the enzymatic activity. 

Recently, T. [Ikenaka (5) has reported that the activity of TAA was 
lost when 2 moles of tyrosine and 5 moles of lysine were dinitrophenylated 
and that when 11 out of the 22 lysine residues in TAA molecule were 
dinitrophenylated by 2,4-dinitrobenzene-l-sulfonate (DNBS), the amylase 
activity was still remained about 60 per cent of the original. He has sug- 
gested that «-amino groups of lysine residues may not be essential for the 
amylase activity but some special phenol groups of tyrosine residues may 
be closely related to the activity. 

In addition, he (6) has found that when TAA is acylated with p-pheny]l- 
azobenzoyl (PhAB) chloride at pH 6, the amylase activity is almost lost 
combining | mole of PhAB per mole of TAA, while a-phenylmaltosidase 
activity of the enzyme increases about 2.5 fold. 

The author attempted to obtain some information on the active site of 
bacterial amylase from Bacillus subtilis N’ (BA) and TAA by the treatment 
with various chemical reagents. The present paper describes the results of 
chemical modification of BA with FDNB, DNBS, PhAB-chloride, diazotized- 
p-aminoacetophenone, (Prebluda’s reagent) and diazotized-sulfanilic acid 
(DSA). When BA and TAA are coupled with DSA, their amylase activities 
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are almost lost by introduction of approximately 1 mole and 3 moles of 
DSA per mole of BA and of TAA, respectively. The site of combination 
of the azo-group in BA is suggested to be a tyrosine from the absorption 
spectrum of the azo-BA and from Folin and p-dimethylaminobenzaldehyde 
tests. In addition, it is shown that amino acids located near tyrosine, which 
assumes to react with DSA, are acidic amino acids, glycine, scrine and 
threonine. 


MATERIALS AND METHODS 


Amylases—The crystalline BA was kindly supplied by Nagase Co., Ltd. This enzyme 
was recrystallized once or twice by Hagihara’s method (7). 

The crystalline TAA was prepared from ‘‘ Taka-diastase Sankyo’? by Akabori’s 
method (8) and recrystallized three times. 

The concentration of BA solution was determined by the micro Kjeldahl method 
(nitrogen content: 16.21%), or determined colorimetrically from the extinction coefficient, 
BL? — 25.13 in 0.1 NV NaOH, and that of TAA was estimated colorimetrically from the 
extinction coefficient, EXP = 25.32 in 0.1 N NaOH. 

The amylase activity was measured by the method previously described (9). 

Streptomyces Protease G—The protease (J0) was generously supplied by Dr. M. Nomoto 
of the Institute of Physical and Chemical Research. The enzyme was used without fur- 
ther purification. 

a-Phenylmaltosidase Activity—The method recommended by Matsubara et al. (JJ), 
was followed in the measurement of the activity, except M//2 acetate buffer (pH 5.6) was 
used at 30°. 

p-Phenylazobenzoyl Chloride—TVhis reagent was kindly supplied by Dr. Ikenaka. 

Preparation of Diazo-reagent—The diazonium salts of aniline, f-aminoacetophenone and 
sulfanilic acid were used as diazo-reagents. 

Solutions (about 30 pmoles/ml.) of diazotized reagents were prepared by adding 1.1 
equivalents of sodium nitrite to 0.01 N hydrochloric acid solution of aromatic amino- 
compounds below 5°. After 20 minutes, urea sufficient to decompose excess nitrous acid 
was added, and then sodium bicarbonate was added to adjust pH to about six. 

Dinitrophenylation of BA with FDNB—One tenth per cent solution of BA in 0.06 4 
veronal buffer (pH 8.0 and 9.0) was treated with FDNB at 37°; a molar ratio was 50 
moles of FDNB per mole of BA. One ml. of reaction mixture was removed at various 
time intervals, and after 1,000 fold dilution, the saccharogenic activity of the solution 
was measured. 

Dinitrophenylation of BA with DNBS—Ten ml. of 0.05 per cent solution of BA was 
treated with 32.5mg. of DNBS in 0.1 ™ triethylamine hydrochloric acid buffer (pH 10.8) 
containing 0.0025M calcium acetate at 37° (a molar ratio of the amylase to DNBS 
was 1: 1200). One ml. of reaction mixture was taken out at 3, 25, 50 and 74 hours to 
measure the a-amylase activity and 1,000 fold-diluted reaction mixture was used for this 
measurement. The amount of e-DNP-lysine in the DNP-BA of 74 hours dinitrophenylation 
was determined as follows: DNP-BA was precipitated by the addition of an equal volume 
of 20 per cent tri-chloroacetic acid (TCA) and washed twice with acetone and twice with 
0.1 acetic acid. DNP-BA thus obtained was dissolved in 10N hydrochloric acid and 
the amount of e-DNP-lysine was determined colorimetrically at 360 my. 

Phenylazobenzoylation of BA—Ten ml. of 0.1 per cent BA solution in 0.05 acetate 
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buffer (pH 6.0) or 0.05M veronal buffer (pH 8.0) was cooled in an ice bath and calcium 
acetate was added to make 0.05M. Then, PhAB chloride (2.5mg.) dissolved in acetone, 
of which volume was one-twentieth of the reaction mixture, was added to the cooled 
mixture at the molar ratio of 50 moles of the reagent per mole of BA. At various 
periods, 1 ml. of the solution was removed, diluted to 1 liter with deionized water, and 
was used to determine a-amylase activity. After four hours, the number of PhAB groups 
combined was calculated from the standard curve. In this case 2.5ml. of 20 per cent 
TCA was added into 5ml. of the reaction mixture and the precipitated PhAB-BA was 
centrifuged off and washed twice with acetone to remove phenylazobenzoic acid and 
thrice with 0.1.M acetic acid to remove phenylazobenzoic acid and thrice with 0.1 M 
acetic acid to remove acetone. The PhAB-BA obtained was dissolved in 0.1 NV sodium 
hydroxide and the amount of PhAB group introduced was measured colorimetrically at 
430 mp. 

Coupling Amylases with Diazonium Compounds—One tenth to five tenth per cent solution 
of BA in the buffer of various pH’s was cooled in an ice bath. Five hundredth M ace- 
tate buffer was used in the case of pH 6 and 0.005M@M veronal buffer was used in the 
case of pH 7 and 8. Coupling reaction was started by the addition of adequate amount 
of diazo-reagent described above. At various time intervals, | ml. of the reaction mix- 
ture was pipetted out, diluted with water such that the amylase concentration became 
about lwg. per ml., and the activity was measured. In the case of TAA, a-phenyl- 
maltosidase activity was measured at the same time (amylase concentration: about 50 peg. 
per ml.). 

To determine the number of azo-group introduced, 5 or 10 ml. of the reaction mix- 


ture was removed and 2.5 or 5 ml. of 20 per cent TCA was added. The precipitate 
thus obtained was washed with water, dissolved in |1N NaOH and dialyzed against de- 
ionized water for about four days changing outside water twice or thrice a day until the 
solution became neutral. Then, an aliquot of the solution in the bag was removed ; the 
sodium hydroxide concentration was adjusted to 0.1N, and the absorption curve was 
measured by the Shimazu photoelectric spectrophotometer and the carry recording spectro- 
photometer (Model 14MP). 

In coupling with diazotized Prebulda’s reagent the number of azo-dye introduced 
was determined using the extinction coefficient, «=14,300 in 0.1 N NaOH at 335myp, of 
mono-[p-acetophenylazo }-N-carbobenzoxy-.-tyrosine (I). For the purpose of model experi- 
ment, monoazo-derivatives of N-carbobenzoxy-.-tyrosine and -x-histidine (II) were prepared 
by the usual method and their absorption spectra were measured. The azo-compound 
derived from diazotized -aminoacetophenone was extracted with ethylacetate from the 
acidified reaction mixture and ethylacetate phase was dried over sodium sulfate in a 
refrigerator overnight, and evaporated in vacuo. The residue was recrystallized from ethyl- 
acetate-petroleum ether. 


Azocompound I C,,H.3,0,N,3 (461) m.p. 162-166° 
C H N 
Calculated 65.08 4,99 SAI 
Found 63.66 ell 9.23 
Azocompound II C2,H2,O;N; (435) m.p. 135° 
N 
Calculated 16.08 
Found 16.40 


The absorption maxima and their corresponding molar extinction coefficients of these 
derivatives in 0.1 N NaOH are as follows: 
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Azocompound I Azocompound II 
Max. € Max. € 
335 my 14,300 520 my 30,160 
510 my 10,000 


In coupling with DSA, S*°-sulfanilic acid was used as the diazo-reagent, because of 
the easiness of the estimation of the number of azo-group introduced into BA. S35-Sul- 
fanilic acid was synthesized simply from S*-sulfuric acid and aniline. 

Measurement of Radioactivity—In order to determine the number of the azo-group intro- 
duced per mole of BA (this experiment was performed only on BA), about 10ml. of the 
reaction mixture was used. About 5ml. of 20 per cent TCA was added, and the preci- 
pitate thus obtained was dissolved in 2 or 3ml. of 0.1 N sodium hydroxide after washing 
twice or thrice with water and the precipitation and washing were repeated. Finally it 
was washed twice with acetone and was dissolved in 0.1 N sodium hydroxide. A half ml. 
of alkali solution was pipetted on the cup for radioactivity measurement and dried up 
by infra-red lamp. The radioactivity was measured by nuclear chicago Model D47 
gasflow-counter in the range of 200-600 counts per minute. (3,000-6,000 counts per 
minute per ymole). To compensate the self-absorption effect of the protein, counting of 
the standard S*>-sulfanilic acid solution was carried out by the addition of the correspond- 
ing amount of BA. 

Preparation of p-Azobenzenesulfonic Acid-BA—The coupling of BA with DSA and the 
precipitation of azo-BA were carried out by the same method as mentioned above. The 
precipitated azo-BA was washed twice with deionized water and dissolved in 0.1 VN NaOH. 
The alkali solution was dialyzed against deionized water for four or five days. Then, 
20 per cent TCA was again added to the neutral solution and dialyzed against deionized 
water without removal of the precipitate for further three days, or directly lyophilized 
without addition of TCA. In the former case, the precipitate of azo-BA thus obtained 
was washed twice with water and twice with ether, and dried over calcium chloride. 

Digestion of p-Azobenzenesulfonic Acid-BA by Streptomyces Protease G—'The azo-BA was 
hydrolysed with the protease of Streptomyces griseus at 30° for about 150 hours. The 
substrate concentration was 0.5~1.0 per cent and the ratio of substrate to the protease 
was 100~10:1. During digestion, the pH was maintained at 8.0~8.5 with dilute sodium 
hydroxide and the extent of the hydrolysis was followed with the ninhydrin reaction. 
The protease was further added every about two days and the addition was continued 
until the increase of ninhydrin color stopped. 

The protease action was stopped by addition of 1 N hydrochloric acid and the reaction 
mixture was dried up im vacuo. 

Purification of Azo-Peptide—The evaporated residue of the protease digest of azo-amylase 
was dissolved in an adequate amount of deionized water. The insoluble material was re- 
moved by centrifugation and the soluble-fraction (correspond to about 400mg. of azo- 
amylase) was applied to Amberlite IRC-50 (hydrogen form) column (1.8x25cm.) at a 
flow rate of about 20 ml. per hour. The column was washed with water at the same 
flow rate and 2ml. aliquots of the effluent were collected automatically (Fig. 1). The 
amount of azo-peptide in each fraction was estimated by the ninhydrin reaction at 570 
my using 0.025ml. of each fraction and by the optical density of the azo-group at 480 
my. Fractions contained azo-peptide (I, No. 20-32; II, No. 33-46) were combined and 
each combined fraction was dried up in vacuo. Further purification was achieved succes- 
sively by paper clectrophoresis (pH 5.5 buffer (pyridine 12ml.+1N acetic acid 62ml.-+ 
water 1,287 ml.), or pH 4.5 buffer (pyridine S5ml.+1N acetic acid 140 ml.+ water 1,300 
ml.), 10 or 6 volts/em., 0.2-0.5mA/cm., 4-6 hours), by paper chromatography with a 
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butanol-acetic acid-water (4: 1:2, vol.—BAW), and finally by paper chromatography with 
a ammonia-saturated butanol (NH,-butanol) (2) after dinitrophenylation. 


4,000 


2,000 i 


OPTICAL DENSITY 


————_ 20 es 
FRACTION NUMBER 
Fic. 1. Chromatogram of the hydrolysate of 
p-azobenzenesulfonic acid-BA by protease on a 
IRC-50 column, 1.8 23cm. 
—O— at 5/0my (ninhydrin) 
——-x—— at 480 my 


Amino Acid Analysis of the Azo-Peptide—Ninhydrine positive yellow bands were cut from 
the chromatogram and eluted by 50 per cent acetone. The each purified azo-peptide 
was divided into two parts and one part was hydrolysed with distilled hydrochloric acid 
at 105° for 15 hours in a sealed tube to determine the amino acid composition of each 
peptide and an aliquot of evaporated hydrolysate was subjected to two-dimensional paper 
chromatography as described by Wolfe (J3) and with BAW and 80 per cent phenol. 
The residue was dinitrophenylated as usual and DNP-amino acids produced were separated 
and estimated by two-dimensional paper chromatography. The other part was used for 


N-terminal amino acid analysis after dinitrophenylation and subsequent hydrolysis was 
carried out for 8 hours. 


RESULTS AND DISCUSSION 


Change of a-Amylase Activity during Dinitrophenylation of BA with FDNB and 
DNBS, and Phenylazobenzoylation—For the purpose of comparative studies of 
enzymatic and chemical nature of BA and TAA, chemical modification of 
BA with FDNB, DNBS and PhAB-chloride was carried out in similar con- 
ditions as was described by Ikenaka for TAA except that a low amylase 


BACTERIAL AMYLASE. V 795 


concentration was employed. The effect of the above mentioned reagents 
on the enzymatic activity of BA was shown in Figs. 2, and 3. 
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Fic. 2. Change of a-amylase activity during Fic. 3. Change of a-amylase 
dinitrophenylation of BA with FDNB (molar ratio activity of BA during phenylazo- 
1:50) in 0.05M veronal buffer at 37°. benzoylation at pH 6.0 and 8.0 
—OQ— in pH 8.0, —-A-- control at pH 8.0, (molar ratio 1:50). 

—xX— at pH 9.0, —-@-- control at pH 9.0. Temperature 0°. 


—-@-- control at pH 6.0 
—Q— at pH 6.0 
—x— at pH 8.0. 


As is shown in Fig. 2, when BA is dinitrophenylated with FDNB at pH 
8.0 and 9.0 for 2 hours, 65 and 50 per cent respectively of the original 
activities are still left at both pH’s (this results coincide fairly well with the 
results reported by Yamamoto) and 50 and 20 per cent even after 20 
hours. The result shows that a tendency of decreasing amylase activity 
with the increase of the pH in the reaction medium is the same as the 
case of TAA, but the inactivation of BA seems to be relatively slow. 

DNBS reacts specifically with only amino groups, as was demonstrated 
by Eisen e¢ al. (14, 15) and Satake et al. (16), and this was chosen as 
the another reagent for dinitrophenylation. The result of dinitrophenylation 
of BA with DNBS showed that the inactivation of the amylase does not 
occur even after 74 hours under the conditions described in the previous 
section. This result is different from that of TAA of which activity de- 
creased to about 60 per cent after 50 hours incubation. Only 3 out of the 
25 lysine residues in BA were reacted with DNBS even after 74 hours, while 
11 out of the total 22 lysine residues in TAA were dinitrophenylated (5). 

BA was also treated with PhAB-chloride under the same conditions as 
phenylazobenzoylation of TAA with the exception of the low protein con- 
centration. In the case of TAA, interesting facts were observed by Ikenaka 
that the reaction at pH 9.0 took place rapidly and finished in a relatively 
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short period and that the PhAB-TAA thus obtained still retained higher 
activity than that produced in the reaction at pH 6.0. But the effect of 
PhAB-chloride on the activity of BA was not recognized. Therefore, the 
reaction was carried out with a higher ratio of the enzyme to the reagent 
of 1:50 instead of 1:10. Even under these conditions, the decrease of the 
activity was not very remarkable, as is shown in Fig. 3. The number of 
PhAB residues introduced into BA was measured photometrically after 4 
hours and found to be 4 and 5 moles per mole of BA at pH 6.0 and 8.0, 
respectively. 

The results obtained by the modification of BA with the above three 
reagents suggest that some e-amino groups in BA, which appear to be sub- 
stituted easily by reagents, are not essential for the amylase activity of BA. 

The Reaction of Diazo-Reagents with BA and TAA and Change of Enzymatic 
Activities of the Amylases—The second purpose is to prepare a modified BA, 
of which only one protein group is reacted with any specific reagent leading 
to inactivation without appreciable denaturation. Therefore, the modifica- 
tion of BA with benzenediazonium-chloride was tested to find the best 
conditions obtaining the modified enzyme, but it was unable to determine 
the number of azo-group introduced. Then, f-acetophenyldiazonium salt, 
which was able to produce the crystalline azo-derivatives of N-carbobenzoxy- 
L-tyrosine and -L-histidine as the standard materials, and diazobenzensulfonic 
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Fie. 4. Change of a-amylase Fic. 5. Change of a-amylase activity dur- 
activity during coupling of BA with ing coupling of BA with DSA (the molar ratio 
diazotized p-amino acetophenone in 100 to 1 mole of BA) at 0°. 
0.05M veronal buffer at 0°. —A— at pH 6.0 acetate buffer (0.05) 

—O-— at pH 7.0 (molar ratio 20 —O-— at pH 7.0 veronal buffe. (0.05 M) 
to 1 mole of BA) —xX— at pH 8.0 veronal buffer (0.05 M) 

—X-— at pH 8.0 (molar ratio 30 The figures in brackets show the number of 
to 1 mole of BA) diazo-dye combined with BA. 


The figures in brackets show the num- 
ber of diazo-dye combined with BA. 
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acid labelled with S*° were chosen as the diazo-reagent. 

In the former case, although the amylase activity was almost lost by 
the treatment at pH 8.0 for 3.5 hours, whereby BA combined with five 
moles of the azo-groups per mole of the amylase (Fig. 4). In the latter 
case, as is observed in Fig. 5, only 2 moles of the azo-groups were introduced 
into BA after the reaction at pH 8.0 for 2.5 hours and the amylase activity 
was retained 6-7 per cent of the original activity. Consequently, further 
investigation was carried out under the same conditions except the ratio of 
the reagent to BA of 30:1 or 50:1 instead of 100:1. As is shown in Fig. 6, 
one mole of azo-group is introduced into BA when the reagent to the en- 
zyme ratio of 30:1 is used at pH 8.0 for 3.5 hours. 


S) 
Ss) 


50 


REMAINING ACTIVITY (%) 


ea cee 05) 425 
TIME (hours ) 

Fic. 6. Change of a-amylase activity 

during coupling of BA with DSA in 0.05M@ 
veronal buffer (pH 8.0) at 0°. 
—(Q-— the molar ratio 30 to | mole of BA 
—>-— the molar ratio 50 to 1 mole of BA 
The figures in brackets show the number of 
diazo-dye combined with BA. 


The number of azo-group introduced was further confirmed with the 
calculation using the molar extinction coefficient of azo-N-chloroacetyl-L- 
tyrosine («=14,000 at 330my) reported by Tabachnick and Sobotka 
(17). An interesting fact was found in the azo-TAA that a-phenylmaltosi- 
dase activity of the modified enzyme increased about 1.5 fold over the 
original activity in spite of the remarkable decrease of the amylase activity 
(Fig. 7). The effects of azo-group on the a-amylase and on the a-phenyl- 
maltosidase activities of TAA are similar to those of PhAB, with the excep- 
tion of the numbers of the reagent introduced, which was calculated to be 
about 3 moles per mole of TAA from the « mentioned above. Attempts to 
crystallize the modified-BA (thrice) and -TAA (one time) have been un- 
successful yet. 
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On the Site of Combination of Azo-Group in BA—Generally speaking, tyrosine 
and histidine are the most reactive towards diazonium salt under the usual 
conditions, but it is known that a-amino groups of some amino acids can 
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Fic. 7. Changes of the enzymatic activities of 
TAA toward amylose and a-phenylmaltoside during 
coupling of TAA with DSA in 0.05 veronal buffer 
(pH 8.0) at 0°. 

—Ow— toward amylose 
—xX-— toward a-phenylmaltoside. 


also react under the special conditions (/8). Recently, Tabachnick and 
Sobotka have shown that the absorption spectra of the monoazo-derivatives 
(diazo-reagent ; arsanilic acid, sulfanilic acid and f-aminobenzoic acid) of 
N-chloroacetyl-L-tyrosine, N-acetyl-L-histidine and ¢e-amino-n-caproic acid in 
0.1 N NaOH are different from each other. This difference was also 
recognized between the absorption spectra of N-carbobenzoxy-t-tyrosine and 
-L-histidine coupled with diazotized p-aminoacetophenone in the present 
experiments. Therefore, the absorption spectra of the modified-BA and 
-TAA with DSA were measured in 0.1 N sodium hydroxide (Fig. 8). Assum- 
ing that the diazo-reagent is hard to react with amino group under the 
usual conditions, it can be presumed from Fig. 8 that the azo-group may 
be introduced into a particular tyrosine in BA. 

In order to ascertain the above assumption, the azo-peptide obtained 
by proteolytic digest of the modified enzyme was purified and was tested 
with Folin’s reagent for tyrosine and with p-dimethylaminobenzaldehyde 
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for tryptophane. The former test was positive and the latter was negative, 
The e facts strongly suggest that the diazo-reagent reacted with a tyrosine 
residue of the enzyme molecule. 


ro) 


350 450 550 
WAVELENGTH (mu) 
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Fic. 8. A)* Absorption spectra in 0.1 MN NaOH of the mono- 
azobenzenearsonic acid derivatives of N-chloroacetyltyrosine, N- 
acetylhistidine and e-amino-n-caproic acid. 


—(Q-— monoazo chloroacetyltyrosine, —-x— monoazo acetylhisti- 
dine, —/\— bisazo ¢-amino-n-caproic acid. 

B) Absorption spectra in 0.1 N NaOH of native BA and azo- 
amylases. 


—Q— native BA, —x—  azo-BA, —A— azo-TAA, —@-— azo- 
peptide (band 3 in Fig. 9). 


The Amino Acid Composition of the Azo-Peptide—The paper electrophoresis 
was used for purification of the azo-peptide and the electropherogram is 
given in Fig.9. The bands, 1, 2 and 3 in Fig. 9 were eluted with 50 per 
cent acetone and further purified on paper chromatography with the above 
described solvent system. Amount of the material eluted from band-1 was 
too small for further analysis. Band-2 was separated into two yellow bands 
(2-a, 2-b) and two ninhydrin positive colorless bands, and band-3 into one 
yellow band and one colorless ninhydrin positive band on paper chromato- 
grams. All of the yellow bands were positive to the ninhydrin test. These 
three yellow peptides were proved to be homogeneous on paper chromato- 
gram obtained by development with NH;-butanol after dinitrophenylation. 

In an another experiment, fractionation and purification of the azo- 
peptides were performed by the above method, except a different buffer 


* This figure was quoted from the report of Tabachnick et al. (17). 
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(pH 4.5) was used for paper electrophoresis and two azo-peptides, I and II, 
were obtained. Amino acid compositions of these peptides are summarized 
in Laplerk: 


(A) Fraction L... ws cee 


(B) Fraction II 


Fic. 9. Paper electropherogram of azo-peptides (fraction I and II) 
obtained from protease digest by IRC-50 column chromatography. 
condition; buffer: pH 5.5 pyridine-acetic acid-H,O (12:62: 1287), 10 

volts/cm., 0.4-0.5mA/cm., 4 hours. 
note: bands-l, -2 and -3 are yellow, and the colour of band-1 is very 
faint. An oblique line shows a ninhydrin positive band. Dotted 
line means a faint band. 


TasLe I 
Analyses of the Azo-peptides 


N-terminal Amino acid conposition of acid-soluble fraction 

Azo- (molar ratio) (molar ratio) 
peptide | a. Glu Gly Ser| Asp'Glu Gly Ser Thr Pro Ala Val Leu Lys or Tyr 
Qa OS OTe Soe. 10m16 P08 

2-b ie ee) Ta 

3 1.0 2.0 0.3 0.8 

p Ts O40) et: Wikow:se10.28 0.0 Oe mr0Ns 

rm 1.0 0.5.4> ©1401.10.3800.3 0.2 03 0.2 0.1-0.2 


1) Constituent amino acids of the peptide was only identified by DNP-method. 
2) These values show molar ratio to glycine of acid-soluble fraction. 


The data in Table I suggest that acidic amino acids, glycine, serine 
and threonine locate near the tyrosine residue combined with diazo-reagent, 
but no tyrosine is detected in the acid hydrolysate. It is known that the 
azo-derivatives of tyrosine and histidine are completely decomposed by 
hydrolysis with hydrochloric acid at 105° for about 24 hours (/9). The 
amino acid sequence near the reactive tyrosine may be assumed to be 
Ser. Asp. Gly. tk Ghia, Ser lin) ; 


aZO 
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Recently, many studies (20-24) on the relationship between enzymatic 
activity, and secondary and tertiary structures of the enzyme have been 
reported. As the sulfonyl group of sulfanilic acid is especially high in 
electronegativity, it might be probable that an introdoction of p-sulfophenyl- 
azo group into BA may alter the secondary or tertiary structure of the 
enzyme leading to the alteration of the relative specificity and that the azo- 
group introduced may not mask the active site itself of the enzyme. Con- 
sequently, it is hard to conclude that the azo-peptide described above is the 
active site of BA. It is, however, quite interesting that a-phenylmaltosidase 
activity of TAA increases by the introduction of the azo-group, but the 
a-amylase activity decreases strongly, like phenylazobenzoylation of TAA. 
The fact that the a-mylase activity of BA is almost lost by the introduction 
of one azo-group per mole of BA seems to suggest that a peptide group in 
the neighbourhood of a’ particular tyrosine residue is closely related with 
the activity of BA. Studies on the site of combination of azo-group in 
TAA, which are in progress, will provide more informations for this problem. 


SUMMARY 


1. Bacterial amylase was dinitrophenylated by fluorodinitrobenzene and 
dinitrobenzene sulfonate, and its activity was followed during the reaction. 
It was presumed that some ¢e-amino groups of lysine residues in BA might 
not be essential for the amylase activity. 

2. Bacterial amylase was treated with p-phenylazobenzoylchloride under 
similar conditions recommended by Ikenaka. It was shown that amylase 
activity during phenylazobenzoylation of BA was less decreased than that 
of TAA. 

3. Various diazo-reagents, benzenediazoniumchloride, diazotized-f- 
aminoacetophenone and -sulfanilic acid, were tested to modify bacterial 
amylase and, in consequence, diazotized-sulfanilic acid was chosen as an 
adequate reagent. It was found that when bacterial amylase and Taka- 
amylase A were coupled with diazotized-sulfanilic acid at pH 8.0 for about 
3.5 hours with a ratio of the amylase to the reagent of 1:30, the a-amylase 
activities of both enzymes were almost lost. In addition, an interesting 
finding was made that a-phenylmaltosidase activity of the modified-TAA 
increased about 1.5 fold over the original activity. 

4, From the absorption spectrum of the azo-BA, and from the Folin 
and p-dimethylaminobenzaldehyde tests of the azo-peptide isolated from 
the proteolytic digest of the modified BA, it was suggested that the azo- 
group was introduced into a particular tyrosine residue in the amylase 
molecule and acidic amino acids, serine, glycine, and threonine located 
near the tyrosine of the problem. 

5. A significance of the azo-peptide was discussed with relation to the 
active site of the enzyme. 


The author wishes to express the sincere thank to Prof. S. Akabori for his kind 
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TURNIP PEROXIDASE 


VI. THE EFFECT OF DIELECTRIC CONSTANT AND IONIC 
STRENGTH ON THE RATE OF REACTION 
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(From the Department of Physical Chemistry, Institute of 
Endocrinology, Gunma University, Maebashi) 


(Received for publication, May 20, 1960) 


In the preceding papers, it was inferred that an amino-group of the 
protein moiety of turnip peroxidase is essential for the reaction between 
Complx II and the hydrogen donor molecule (/, 2). However, it is yet 
unknown what is the role of the essential group and how the electron 
transfer occurs from the hydrogen donor molecule to the enzyme in the 
course of the reaction. The present study was initiated to obtain informa- 
tion related to these questions by investigating the effect of dielectric con- 
stant and ionic strength of medium upon the rate of reaction. 


MATERIALS AND METHODS 


Materials—Turnip peroxidase (TP-A,*, TP-A,* and TP-D*) were prepared as described 
previously (3). Acetone and methanol used were purified by the method of Werner (4) 
and by a slight modification of the method of Dannerand Hildebrand (5), re- 
spectively, in order to remove aldehydes and other oxidizable substances. Ammonium sulfate 
used for the change of ionic strength of the reaction medium was purified by recrystal- 
lization from aqueous solution. 

Methods—The measurement of the rate of over-all reaction and the determination of 
the rate constants were performed by essentially the same method as described previously 
(1, 6). In the experiment on the effect of organic solvent, however, the final concentra- 
tion of buffer ions was reduced to about 2m/ so that the effect of the ionic strength 
ascribed to the buffer ions themselves could be disregarded. The pH of the reaction 
mixture was always adjusted in such a way as to become finally a desired pH** in the 
reaction mixture. The value of the dielectric constant of aqueous mixed solution was 
calculated from the data of Akerléf (7). 


* TP-A,, TP-A,, and TP-D stand for turnip peroxidases A,, A, and D, respectively. 

** The pH value of the reaction mixture was chosen to be in such a region that the 
activity of the enzyme was hardly affected by pH (/). Moreover, the organic solvent 
was used in the concentration of less than 30 per cent in the reaction mixture, so that 
the deviation of observed value from the true value might be below 0.5 unit of pH (8). 
Therefore, any error expected in the measurement of pH was reasonably disregarded. 
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RESULTS 


Effect of Dielectric Constant upon the Rate Constant ka of TP-D—The rates 
of over-all reaction, vp, were measured in reaction mixtures containing 
various concentrations of acetone, and the results are summarized in Fig. 
1, where ¢/v) is plotted against 1/a) at each concentration of acetone in the 


0.00! 


% Fic. 1. Relationship between e/v, and 1/ay) in the presence 
of various concentrations of acetone, (Turnip peroxidase D). 

The reaction was carried out at 20° in the presence of various 
concentrations of acetone by the method described previously (J). 
The reaction mixture contained hydrogen peroxide (x9), 1.5 1078 
M ; guaiacol (a), 1.1x10-*~1.1x 10°? M; enzyme (TP-D) (¢), 5.6x 
10-19~1.5x 10-° M; phosphate buffer (final pH, 6.5), ca. 1.6x 107 
M; acetone as indicated below. The concentration (% v/v) of 
acetone in the reaction mixture was I, —@—, 0; II], —O—, 7.4; 
Ill, —A—, 14.8; IV, —A—, 22.2; V, —O—, 29.6. 


medium (¢, ad and x) standing for the initial concentrations of the enzyme, 
hydrogen donor and hydrogen peroxide in the reaction mixture, respective- 
ly). The result shows that the value of ka* (an apparent rate constant 
for the reaction between Complex II and hydrogen donor) decreases with 
the increase in the concentration of acetone, in view of the fact that the 
reciprocal of the slope of these lines is equal to ka (J). When the logarithm 
of ka is plotted against the reciprocal of the dielectric constant of the 


* As for the meaning of ‘‘ka’’, refer to ref. (2) and (6), as well as Appendix of the 
present paper. 
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medium, a straight line is obtained, as shown in Fig. 2. The slope of the 
line is —250. 
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Fic. 2. Relationship between log ka and 1/D. 

The value of ka for TP-D in the presence of acetone was 
obtained from the data of Fig. 1. The value of ka for TP-A, in 
the presence of acetone or methanol was obtained by the simple 
method described previously (/) in the following reaction mixture: 
hydrogen peroxide (%), 1.510744; guaiacol (a), 3.4x 10-4; 
enzyme (e), 1.6x10°°M; phosphate buffer (final pH, 5.6), 1x 
10-?~1.6x 10-3 M; acetone or methanol, 0O~19% (v/v). Similarly 
the value of ka for TP-A, in the presence of acetone was obtained 
in the reaction mixture which contained hydrogen peroxide (%), 
7.7x107-4 M; guaiacol (a), 2.7x10°*M; enzyme (e), 7.5x 10°9°~ 
4.0x 10-8 M; acetate buffer (final pH, 4.6), 1x 10-°~1.6x 10% M; 
acetone, 0~31% (v/v). The reaction was always carried out at 
20°. Open circles mean the values obtained using acetone as 
organic solvent; solid circles, the ones obtained using methanol. 
Triangles denote control values without organic solvent. 


Effect of Dielectric Constant upon the Rate Constant ka of T'P-A, and TP-A,— 
The values of kg for TP-A,; and TP-A, were measured at various concent- 
rations of acetone and methanol by the simple method described previously 
(1). As shown in Fig. 2, linear relationships are also found between the 
logarithm of ka and the reciprocal of the dielectric constant of the medium. 
The slopes of the lines are —210 and —220, respectively for TP-A,; and 
TP-Ag. 

Formation and Decomposition of Complex I and II in the Presence and Absence 
of Acetone—In any turnip peroxidase used here, the absorption spectra of 
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the free enzymes, Complex I and II did not change when acetone was 
added, while the rate of formation and decomposition of Complex II* 
decreased remarkably in the presence of acetone. Fig. 3 represents the 
results obtained with TP-A,. 
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Fic. 3. The formation and decomposition of Complex I and II of turnip 
peroxidase A, in the presence and absence of acetone. 

To 3.0ml. of buffer solution of TP-A, (about 3x10-°M, pH 7.0) was added 
0.027 ml. of hydrogen peroxide (5.9 10-4 M) and the absorbancy change at 402 my 
was followed (—O—). Immediately after the completion of the change in absor- 
bance, the spectra over 380~430my were measured (—O— in the right hand part 
of this figure). Following this, the formation of Complex II was measured at 420 
my with the addition of 0.027 ml. of p-cresol (2.2 10°! M) at 11. After the end of 
this reaction, the spectrum of Complex II was measured (—O-— in the right hand 
part). At iii, 0.027 ml. of p-cresol (2.2107? M) was added to recover free per- 
oxidase. The same procedure was repeated in the presence of acetone of 29% 
(v/v) (---@---). Room temperature 15°. 


Effect of Ionic Strength—The absorption spectra of the free enzymes and 
those of Complex I and II were not affected by the presence of ammonium 
sulfate of ionic strength 0.5. Furthermore, it was found that the value of 
ka was independent of ionic strength in the range from 0.002 to 0.74. 


DISCUSSION 


The results presented above show that among three kinds of turnip 
peroxidases used here there is no difference with respect of the effect of salt 
and of organic solvent upon the rate of reaction and the absorption spectrum. 
This seems to support the previous view that the reaction mechanism of 
these enzymes are essentially identical (/, 6). 


* Our procedure of the formation and decomposition of Complex II in water was 
essentially the same as used originally by George (9). 
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The rate of reaction between Complex II and guaiacol was not affected 
by the ionic strength of the medium, while it was noticeably dependent on 
the concentration of organic solvent in the medium. The former result is 
naturally expected because one of the reactants, guaiacol, is a neutral 
molecule in the pH region studied (cf. ref. (6, 10, 11, 12)). The effect of 
solvent on the rate of reaction is considered to be chiefly due to the electro- 
static effect of the dielectric constant of the medium, since the dependence 
of the logarithm of ka on 1/D is linear and since possible factors other 
than electrostatic effect of dielectric constant, for example five factors as 
pointed out by Hiromi (/3), are estimated to be practically negligible in 
the present case. 

The effect of the dielectric constant on enzyme reactions has already 
been studied for several enzymes (/4-20), and theoretical treatments were 
made in the case of peroxidase and catalase by Tonomura and Ogura 
(14, 15) and in the case of a-chymotrypsin and myosin by Laidler and 
his co-workers (/6, 17). However, these treatments may be said to 
be over-simplified, since they ignored the fact that the enzyme itself forms 
a considerably large cavity with a low dielectric constant. Moreover, the 
expected value of the dipole moment of the activated complex of peroxidase 
in Tonomura’s treatment (J5) is too large to be reasonable (/3). In 
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Disposition I Disposition I Disposition II 
Fic. 4. Spatial dispositions used in the calculation of effective charge confi- 


guration functions of ESj; and ES;;-AH*. ; 

C denotes the center of a sphere having a radius of 23 A. Fe is the iron 
atom situated in the center of protoporphyrin, which is represented as a bar in 
the figure. The depth of Fe from the surface is denoted by d. N means the 
nitrogen atom of the essential group of the protein moiety. O is the oxygen atom 


of guaiacol which is contained in ESyr-AH*. Numbers in this figure refer to 


o . 
distances represented in A units. 


these circumstances, the theory developed by Hiromi (/2, 13) on the basis 
of the Kirkwood model (2/, 22) is adopted here to explain the result on 
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the effect of dielectric constant on peroxidase reaction. 

According to his theory, the value of the slope, d log ka/d (1/D), can 
be predicted theoretically by calculating the “charge configuration function” 
if the spatial configurations of the charges of the reactants and the activat- 
ed complex are known. As for the present case, the slope is expressed as 
Eq. (5) of Appendix using the charge configuration function of Complex II, 
Les,,, and that of activated complex of the reaction of Eq. @), ‘Las. ant. 
Of course, the value of Les,, and that of Les, ,-an* can not be evaluated 
exactly since the spatial configurations of these species are unknown. How- 
ever, in the case of large complex species, L can be replaced by L*, the 
“effective charge configuration function” which is concerned with the small 
number of charges that play a predominant role in the reaction (/3). As 
described in Appendix, it is reasonable to consider that, in the present 


Tas_e I 
The Calculated Values of the Slope, d log ka/d (I/D) 


Disposition qd 2 2 nee 
(A) aS ip i; 

i | 2 62 81 111 

I li % —50 —9] —107 
ili 8 —70 —120 —185 

iv 11S} —138 — 184 — 246 

i 3 —18 —44 —72 

I ii | 5 —90 — 137 —218 
iii 8 —89 —147 —221 

iv 11S} —85 — 138 —216 

i 2 86 106 106 

Wl i 5 —38 — 83 — 137 
ili 8 —70 —125 —189 

iv 11.5 —78 — 134 — 204 


1) The depth of the iron of the prosthetic group from the surface. 

2) a, b and c stand for the following charge distributions: a, 
fre=+3.5, En=+1.0, 5540.5; 6, Sre=+3.25, En=+1.0, fo= 
+0.753 c, re=+3.0, En=+1.0, &=+1.0, where épe is the charge of 
the iron atom of the prosthetic group, éy the charge of the nitrogen 
atom of the essential ammonium group, and éy the charge of the oxygen 
atom of guaiacol, respectively, in the activated state. 


case, such important charges are those of the three atoms, i. ¢. the iron 
atom of the prosthetic group, the nitrogen atom of the essential ammonium 
group, and the oxygen atom of guaiacol. Therefore, with special regard 
to these atoms, several simple but likely models were set up in order to 
examine whether the observed order of magnitude of the slope can be ac- 
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counted for. The result obtained (Table I) shows that the calculated values 
of the slope become close to the observed order in the case of some models. 
The best result seems to be given on the basis of Disposition II (see Fig. 
4), especially IT-ii or II-iii (see Table I) where the iron atom is assumed to 
be situated at 5~8 A depth from the surface. So far as we have calculated, 
better results were obtained when the oxygen of guaiacol was close to the 
C-Fe axis than when they were widely separated. The hydrogen donor 
may react directly with the prosthetic group, being disturbed its electronic 
structure as the result of the hydrogen bonding with the ammonium group. 


SUMMARY 


1. The absorption spectra of turnip peroxidases A;, A, and D, and 
those of Complex I and II as well as the rate of reaction of these enzymes 
were not affected even by the high ionic strength of the medium. 

2. By the addition of acetone, the absorption spectra of these enzymes 
and those of Complex I and II were not affected, but the rate of forma- 
tion and decomposition of Complex II decreased remarkably. 

3. It was found that, in the case of every turnip peroxidases used here, 
log ka was a linear function of 1/D, where ka is the apparent rate constant 
for the reaction between Complex II and hydrogen donor and D the 
dielectric constant of the medium, and the slopes were similar to each other, 
that is, —210 for TP-A,, the —220 for TP-A,, and —250 for TP-D. 

4. Based on the results obtained, the mechanism of the electron 
transfer from the hydrogen donor molecule to Complex II was discussed. 


The author is indebted to Prof. N. Ui of Gunma University and Prof. Y. Ogura 
of the University of Tokyo for their invaluable advice and encouragement. Thanks are 
also due to Dr. K. Hiromi of the University of Osaka Prefecture for his active interest, 
advice and criticism. This study was aided by a Grant-in-Aid for the Scientific Research 
from the Ministry of Education given to the Research Group on ‘‘ Mechanism of Enzyme 
Action’’. 


APPENDIX 


As described previously (7), ka under consideration does not mean a true rate con- 
stant, but is related to severai true rate constants, and, if we accept Mechanism B that 
is considered to be more probable than the alternative mechanism (Mechanism A) (J, 6), 
ka is expressed as follows: 

ks 
= ee Eq. 
ka = hoX poe q. (1), 


where ky, k, and k_g are the rate constants of the following reactions, 


ks 
ESn - AHS ESn-AH Eq. (2) 


mr) 


ky 
ESy-AH — E+ A Eq. (3) 
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(ES11=Complex H, ESy-AH=“‘ ternary complex’? AH=hydrogen donor (guaiacol)). 
Applying Hiromi’s theory (/2) and assuming k_g > kg, the slope, d log ka/d (1/D) 


is written as 


d log ka ee Lau Legs Lgs,,;-aH* 
( ) Bq. &) 


d (1/D) 2.303 (2KT) \ ban ° 5zs,, bus,;-AH* 


Here b represents the radius of each species in Angstrom units, ¢ the unit charge, k the 
Boltzman constant, and T the absolute temperature. L is the ‘‘charge configura- 
tion function’? which is determined by the spatial configuration in the respective species. 
Since Hiromi’s theory is based on the Kirkwood model, all the solute molecules are 
assumed to be spherical. The assumption is acceptable at least in the case of TP-D, 
because it is nearly spherical, having a radius of about 23 A (23). TP-A, and TP-A; 
are also considered to be not far from spherical in view of their similar values of mole- 
cular weight and sedimentation constant (3) to those of TP-D. The size of ESr and 
ES;;-AH* may be taken to be similar to that of the free enzyme since the substrate 
and the hydrogen donor molecule are very small. Thus, 6’s of the enzymes can be all 
taken as 23 A. Lan/éaun is able to be ignored, since it is estimated to be of the order of 
10-3. Hence, Eq. (4) can be reduced to 

d log k e 

d 17D) =—"9303 (2kT)x 23x 10-8 L-esy,-an* —Les,, ) Eq. (5) 


As mentioned already, L function can be replaced by L° function in the present case. 
The spatial disposition of atoms used tentatively in the calculation of the value of L® are 
illustrated in Fig. 4. These dispositions have been set up with special regard to three 
atoms, 7.e. the iron atom of the prosthetic group, the nitrogen atom of the essential am- 
monium group and the oxygen atom of guaiacol, taking into account the following in- 
formation: (i) the essential group of the protein moiety of the enzyme was suggested to 
be an ammonium group (/), to which a guaiacol molecule attachs presumably by the 
hydrogen-bonding between the hydrogen atom of the ammonium group and the oxygen 
atom of the hydroxyl group or methoxy group of guaiacol; (ii) the structure of Complex 
II is yet unknown and several possibilities for the structure are considered (9), but here 
for convenience of calculation the simplest case is taken — that in which the iron of 
Complex II is quadrivalent; (iii) the ferriprotoporphyrin was suggested to be buried 
more or less in the protein moiety (2, 24); (iv) as the dimension of ferriprotoporphyrin, 
the nitrogen-oxygen distance in N—H---O, the nitrogen-hydrogen distance in NH;*, and 
the van der Waals radius of hydrogen atom, those presented by Pauling (25) are 
adopted; (v) in view of the information obtained by Hiromi (7/2) and Tanford (26), 
the oxygen atom, at which a certain degree of net charge will appear in the activated 
state, is here assumed to be situated at 1 A depth from the surface. 

Since the relative position of guaiacol to the iron atom influences the value of L®, 
three representative dispositions have been considered (see Fig. 4 and Table I): in Dis- 
position I the oxygen atom of guaiacol combines with the hydrogen atom of ammonium 
group from above, and in Disposition II and III from the side. Since the depth of the 
iron atom from the surface, d, and the degree of charge transfer in the activated state 
should be also taken into consideration, on each disposition were taken four cases for 
the depth and three cases for the charges produced at the oxygen and iron atoms. On 
the basis of these models were calculated the values of L°, from which the values of the 
slope, d log ka/d(1/D), were evaluated (Table I). 

Generally speaking, the result based on Disposition II seems to agree best with the 
observed value of the slope and Disposition I to be the next. It was found that the 
greater the separation of the nitrogen atom from the axis C-Fe, the more unsatisfactory 
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the result tends to be, though the data are not presented explicitly in the table. These 
results suggest that the approach of guaiacol to the iron atom may be favourable for 
the reaction. 

This table also show the dependence of the slope on the depth of the iron atom 
from the surface. Thus, in the case of Disposition I-i and III-i where the iron atom is 
situated at a comparable depth with the nitrogen atom or nearer to the surface, the 
value of the slope becomes even positive, while, the deeper the iron sinks, the larger the 
negative values were obtained. In Disposition II it appears that optimum value of d 
exists at about 8 A. These results are interesting in view of the suggestion in a previous 
report (2) that the prosthetic group may be somewhat buried in the protein moiety. 
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PURIFIED TPN-DEPENDENT ALDEHYDE DEHYDROGENASE* 
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It is well known that fermentative formation of acetic acid is carried 
out by various enzymes including alcohol dehydrogenase and aldehyde 
dehydrogenase. However these enzymes have not yet been purified and 
characterized in acetic acid bacteria. Blach (/), and Seegmiller (2) have 
purified DPN**- and TPN-dependent aldehyde dehydrogenases from yeast. 
Clostridium kluyvert is the only bacterium from which aldehyde dehydrogenase 
has been purified (3). This enzyme has been found to be DPN-dependent 
and to require coenzyme A (3-7). 

The previous paper (8) described a complete enzyme system in Aceto- 
bacter sp. capable of oxidizing ethanol to acetic acid. This system was 
always found in the cellular fragment but not in the water-soluble fraction. 
Among the enzymes related with acetic acid fermentation, a strong TPN- 
dependent aldehyde dehydrogenase was discovered in the water-soluble 
fraction. ‘The present study is mainly on the purification and properties of 
this enzyme. 


MATERIALS AND METHODS 


The strain of acetic acid bacterium used was the same as for the previous work (8). 
This strain is used for the manufacture of ‘‘ Japanese Vinegar’’ in Sasada Co., Ltd., 
Kobe, Japan. The bacteria were grown in a medium containing 5g. of glucose, 10g. 
of glycerol, 2g. of peptone, 2g. of yeast extract, a trace amount of MgSO,:-7H.O, 20 ml. 
of 95 per cent ethanol and 20ml. of glacial acetic acid in one liter of water (pH 3.0), 
at 30° for 4 days in a static culture under air. The harvested cells were suspended in 
water, and then shaken at 30° for a few hours to reduce their food reserve. They were 
then washed three times with water. 


To examine the intracellular distribution of enzymes, the washed cells were suspended 


* This work was done in the laboratory of Prof. K. Okunuki, Department of 
Biology, Faculty of Science, University of Osaka, Osaka. 

** Abbreviations used: DPN, diphosphopyridine nucleotide; TPN, triphosphopyridine 
nucleotide; EDTA, ethylenediamine tetraacetate; HA, hydroxylamine ; PCMB, p-chloro- 
mercuribenzoate; Km, Michaelis constant. 
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in 0.04 M sodium phosphate buffer, pH 7.0, and the cell suspension was disrupted for 
30 minutes by a Rathyon sonicating apparatus (10kc.) fitted with an ice-water cooling 
system. The disrupted cell suspension was centrifuged at 10,000 r.p.m. (average, 20,000 x g) 
for 10 minutes by a Servall centrifuge, model SS-2. The supernatant was called the 
‘crude extract’’. It was further centrifuged at 40,000r.p.m. (average, 105,400xg) for 
30 minutes by a Spinco ultracentrifuge, model L. The resulting supernatant was called 
the “‘centrifugal supernatant’’. The resulting dark brown precipitate was washed three 
times with 0.04 phosphate buffer, pH 7.0. The washed precipitate was called the 
“cellular fragments’’. 

To purify the aldehyde dehydrogenase, two extraction methods were employed. First, 
the washed cells were suspended in approximately 2 volumes of 0.2M phosphate buffer, 
pH 8.0, and the cell suspension was ground for half an hour with approximately 1 volume 
of sea sand in a mortar chilled by ice. Second, acetone-dried cells were prepared accord- 
ing to the conventional method, and were well-mixed with approximately 25 volumes of 
0.2 M phosphate buffer, pH 8.0. Both mixtures were stored in a refrigerator for one day, 
and then centrifuged at 10,000r.p.m. for 20 minutes. The resulting supernatant was 
called the ‘‘ crude enzyme preparation’’. 

DPN was prepared from baker’s yeast according to the method of Okunuki et al. 
(9) (purity, approximately 85 per cent). The DPN sample used was estimated to be 
TPN-free. TPN was purchased commercially from Sigma Chemical Co., Missouri, U.S.A. 
(purity, approximately 90 per cent). Coenzyme A was prepared from the same strain of 
Acetobacter according to the method of Stadtman and Kornberg (J0).. The coenzyme 
sample used was assayed enzymically according to the method of Kaplan and Lipmann 
(72) to contain 25 units of activity/ml. Crystalline cytochrome c was prepared from 
bovine heart muscle according to the method of Bodo (/2) as modified by Yamanaka 
et al. (23). 

Oxygen uptake and carbon dioxide evolution were measured in a conventional mano- 
metric apparatus, and spectrophotometric assays were carried out with a Shimadzu photo- 
electric spectrophotometer, type QB-50. For manometric measurements, the vessels were 
maintained at 30°. All the reagents except the substrate were put in the main compart- 
ment. After addition of substrate from the side arm oxygen uptake and carbon dioxide 
evolution were assayed in the presence of KOH and with the aid of H.SO,, respectively 
(14). Reduction of coenzymes, cytochrome c, and ferricyanide was estimated by the 
increment or decrease in optical densities at the appropriate wavelengths using a cuvette 
of one-cm. optical path. The wavelengths used were 340my for DPN and TPN 


( AES som/s and AE 340m)? 550 my, for cytochrome c (AES mp)» and 400 my for ferricyanide 


(-— LD Wea ). Reactions were carried out at room temperature (20°). Reduction of 
Ls . . 
methylene blue was measured in Thunberg tubes in vacuum, at 30° according to the con- 


ventional method. 


EXPERIMENTAL AND RESULTS 


Intracellular Distribution of Enzymes Related to Acetic Acid Fermentation— 
Experiments were made to see what enzymes related to alcohol oxidation 
were extractable in their water-soluble forms. 

The “crude extract” and “cellular fragments” could rapidly decompose 
ethanol and acetaldehyde resulting in oxygen consumption. The “centri- 
fugal supernatant” oxidized these substrates at a rate, indicating that the 
cellular fragments but not the water-soluble portion were furnished with a 
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complete enzyme system capable of oxidizing both substrates (Table I). 
This is consistent with results in the previous report (8). In the presence 
of the “centrifugal supernatant,” TPN was reduced by both substrates, but 
DPN was not. This is in agreement with Tanenbaum’s result (/6). If 
semicarbazide was added to the reaction mixture, reduction of TPN by 
ethanol was completely prevented at the initial stage of the reaction. The 
time, during which the initial reduction of TPN was inhibited was prolong- 
ed with increasing concentrations of semicarbazide added. This indicated 
that ethanol was dehydrogenated to form acetaldehyde, which was trapped 
by the semicarbazide. Therefore, all the ethanol is probably decomposed 


TaBLeE. I 
Intracellular Distribution of Alcohol-Oxidizing Enzymes 


| | DPN TPN in C ferri. 
Substrate | Preparation | jas | AES cmp AES s0mp AES h0mp | — AE 00m 
| Crude extract | 404 0.012 0.610 ORI62 0.300 
Ethanol | Cellular fragments | 386 | 0.000 | 0.126 0.012 0.060 
} Gentine! | 20) 0.006 | 0.318 | 0.018 0.180 
supernatant 
Pa : ea grec] Et an CO oe 
| Crude extract | 250| 0.018 0.606 0.300 | 1.200 
Acetaldehyde | Cellular fragments | 235 | 0.006 0.042 0.060 0.300 
he Pee ee | 10 0.000 | 0.540 | 0.138 0.600 
upernatant | | 


Oxygen-uptake was assayed manometrically. Manometric vessels contained the 
following constituents: 1.0ml. of 0.2 M sodium phosphate buffer (pH 7.0), an ap- 
propriate amount of enzyme solution and water to a total volume of 2.0 ml. in the 
main compartment, and 0.1 ml. of 0.2 M@ ethanol or acetaldehyde in the side arm. 
Reduction of DPN, TPN, cytochrome c, and ferricyanide were assayed spectropho- 
tometrically. The cuvette contained the following constituents: 3.0ml. of 0.04 4 
sodium phosphate buffer (pH 7.0), 0.1 ml. of 0.2 M ethanol or acetaldehyde, an 
appropriate amount of enzyme solution, water to a total volume of 3.4ml., and 
0.1 ml. of 6.0md¢ TPN or DPN, 0.1 ml. of 1.0mM cytochrome c, or 0.1 ml. of 
0.01 M potassium ferricyanide. In all experiments, reactions were started by quickly 
mixing in the substrate at zero time. Readings were made several times during 
each reaction, and almost linear initial reaction rates were extrapolated to get a 
value for the 60 minutes reaction per ml. of enzyme solution. 


to acetic acid through the formation of acetaldehyde by alcohol dehydro- 
genase and aldehyde dehydrogenase. However, how the “centrifugal super- 
natant” decomposed ethanol so rapidly is another problem since fairly rapid 
reduction of TPN and ferricyanide with ethanol could be demonstrated, 
but the semicarbazide inhibited the TPN-dependent aldehyde dehydrogenase 
and not the alcohol dehydrogenase. When the intracellular distribution of 
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aldehyde-oxidizing activity was studied, it was found that there was thirteen 
times as much TPN-reducing activity in the “centrifugal supernatant” as in 
However the former fraction had two times as much 
cytochrome c- and ferricyanide-reducing activity as the latter. 
difference in the activity ratios suggests that TPN was reduced by aldehyde 
in the presence of aldehyde dehydrogenase, and then the resulting TPNH 


the “cellular fragments. 


reduced cytochrome c and ferricyanide in the presence of another 


This great 


enzyme, 
T’PNH-cytochrome reductase. It seems likely that the reductase is fairly 
Tas_eE II 
Summary of Purification of TPN-Dependent Aldehyde Dehydrogenase 
Purification step ne | “pee oy Purity 
ae ES4om),/ min activity | 0 
Ist extract 6,620 | 132,000 20.1 = =< 
2nd extract = 35500 | 22,100 6.4 — — 
Mixture of Ist and 2nd | 10,200 | 154,000 15.6 / (100) (1) 
extracts | 
Rivanol-free sample 2,980 | 143,000 | 48.0 | 93 Bul 
Resin chromatography” : 
In Ist run; | 
Eluate fraction | 
No. 13 6.2 4,310 | 695 45 
No. 14 6.8 6,700. - | 985 62 
No. 15 8.5 10,600 te 15250 78 
No. 16 eZ, 17,866 | 1,540 99 
No. 17 16.0 | 22600. e410" | 90 
No. 18 21.0 | 21,900 | 1,020 | 65 
No. 19 | 20.5 28,700 | 426 | 27 
Mixture of No. 14-18 64.5 79,600 | 1,230 52 79 
In 2nd run; 
Best fraction” 72 22,400 3.1207 —_| 200 
Mixture of best frac- 99.3 41,800 | 2,060 27 132 
tions | fs 


The reaction mixture for assay of activity was as follows: 3.0ml. of sodium 
phosphate-NaOH buffer (pH 9.0), 0.1 ml. of 0.2 M acetaldehyde, 0.1 ml. of 6.0mM 
TPN, 0.1 ml. of 44.2mM MgCl, an appropriate amount of enzyme solution and 


water to a total volume of 3.4 ml. 
and carried out at room temperature (20°). 


Reactions were started by addition of enzyme, 
The amount of protein was expressed 


by the extinction at 280 my (E280myz), and the specific activity of the enzyme by 


AES s0mp/ AE ggomy,/ min. 


1) Collected in 40 ml. fractions. 


2) Collected in 10 ml. fractions. 


water-soluble, but is less easily extracted than the dehydrogenase under the 
present experimental conditions. Cytochrome-oxidizing enzymes were tightly 
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bound to the cellular fragments and could not be solubilized. In the pre- 
sence of ethanol and acetaldehyde, oxygen consumption by the “cellular 
fragments” was 94-96 per cent of that of the “crude extract,” indicating 
that the “centrifugal supernatant” was not contaminated with particles. 
Nevertheless, the “centrifugal supernatant” could reduce TPN in the pre- 
sence of ethanol at a fairly rapid rate. It seems likely, therefore, that 
alcohol dehydrogenase is also more or less completely extracted in a water- 
soluble form, and that ferricyanide might be a better electron aceptor than 
heart muscle cytochrome c. Besides ethanol and acetaldehyde, the “crude 
extract” showed oxygen consumption in the presence of $-hydroxybutyrate, 
citrate, a-ketoglutarate, succinate, malate, oxaloacetate and pyruvate, but 
not with acetate. The “centrifugal supernatant” had strong succinic- and 
oxaloacetic-decarboxylase activities, but did not consume oxygen in the 
presence of the other substrates mentioned above. 

Purification of TPN-dependent Aldehyde Dehydrogenase—An acetone powder 
was made of the cells of acetic acid bacteria according to the conventional 
method. The acetone powder could be stored over calcium chloride in an 
evacuated desiccator at room temperature (15°-25°) for several months, 
without a notable loss of aldehyde dehydrogenase activity. ‘The powder 
(12 g.) was well-mixed with 300ml. of 0.2 M sodium phosphate buffer, pH 
8.0, and extracted overnight in a cold room (3°-4°) with continuous stirring. 
The suspension was then centrifuged at 10,000 r.p.m. for 20 minutes in a 
Servall centrifuge, model SS-2. The resulting yellowish brown supernatant 
had a high viscosity. Extraction of the precipitate was repeated in the 
same way. The second extraction yielded one-sixth as much enzyme as the 
first extraction (Table II). To a mixture of the two extracts (540ml.), 3 
per cent aq. rivanol was gradually added with stirring until no more pre- 
cipitate was formed (approximately 40 ml. of rivanol). The rivanol preci- 
pitated a great deal of viscous material. This was easily removed by 
filtration through a Biichner funnel with an appropriate amount of Hyflo 
Super Cel. The resulting filtrate was passed through an Amberlite CG-—50, 
type 2, column which had been equilibrated with 0.2 phosphate buffer, 
pH 7.0. The rivanol present in the filtrate was adsorbed on the resin while 
the eluate contained almost all the aldehyde dehydrogenase activity. The 
rivanol-free enzyme solution was found to have lost the enzymes which with 
acetaldehyde could catalyze reduction of cytochrome c and ferricyanide. 

The enzyme solution was diluted ten fold with water. Thus the con- 
centration of phosphate buffer in the solution was lowered from approxi- 
mately 0.2 M to 0.02 M. The diluted solution was passed through a column 
(3cm. in diameter and 15cm. in height) of the same resin which had been 
equilibrated with 0.02 M phosphate buffer, pH 6.0, at a flow rate of appro- 
ximately 1,000 ml./hour. Under these conditions all the aldehyde dehydro- 
genase present in the diluted solution was adsorbed on the resin. Immediately 
after the diluted solution had been passed through the column, the enzyme 
adsorbed on the resin was eluted with 0.2M phosphate buffer, pH 7.0. 
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The change of pH and concentration of buffer reduced the pH of the eluate 
to 4.6 (Fig. 1). When about four times the hold-up volume of the resin 
column had been eluted, aldehyde dehydrogenase began to be appeared 
and it was collected in 40ml. fractions. The most active fractions had a 
specific activity 92 times as high as a mixture of the first and second 
extracts. 


om O 
lO Il 12 13 14 15 16 I7 18 19 20 al 
FRACTION NUMBER 
Fic. 1. Chromatographic pattern of aldehyde dehydrogenase 
on Amberlite CG-50. 
Experimental conditions were the same as for Table II. 


The purification of the dehydrogenase is shown in Table III. 

The aldehyde dehydrogenase could be further purified by repeating the 
resin chromatography, using a mixture of fractions No. 14-18. A mixture 
of the most active fractions obtained by this second chromatogrphy had a 
specific activity of 2,060 (132-fold purification). 

Attempts to purify the enzyme by salting-out by ammonium sulfate and 
sodium sulfate were unsuccessful, causing a notable loss of enzyme activity, 
without any increase in purity. Ethanol and acetone treatment at low tem- 
perature completely inactivated the enzyme. 


General Properties of Aldehyde Dehydrogenase 


Effect of Different Buffers on the Enzyme Activity—The activty of aldehyde 
dehydrogenase was found to be notably influenced by the kind of buffer 
used (Fig. 2). The enzyme was most active in phosphate of the buffers 
tested. Furthermore, it was found that the phosphate ion increased enzyme 
activity, and that the ammonium ion was inhibitory. The enzyme was most 
active at pH 8.5-9.5, but the pH optimum was slightly different in different 
buffers. 
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Stability of the Enzyme—After high purification, the aldehyde dehydro- 
genase was fairly stable at pH 4.0-8.5, but not at a higher pH range (Fig. on 
At pH 7.0, the enzyme was very stable at temperatures lower than 40°, 


TABLE’ ITT 
Purification of Aldehyde Dehydrogenase from Acetic Acid Bacteria 


Acetone-dried cells (12 g.) 
extracted with 300 ml. of 0.2 M phosphate buffer, pH 8.0 


| TH 
Ist extract (260 ml.) Cellular debris 
re-extracted 


| l 
2nd extract (280 ml.) Cellular debris 
| 


| 
Mixture of extracts (540 ml.) 

| supplemented with 40 ml. of 3% aq. rivanol 
Filtrate 


passed through a column of Amberlite CG-50 buffered with 
0.2 M phosphate buffer, pH 7.0 


Rivanol-free eluate (600 ml.) 
diluted with ten volumes of water 
Diluted solution (6,000 ml.) 


passed through a column of Amberlite CG-50 buffered with 
0.02 M phosphate buffer, pH 6.0 


Resin column By-passed solution 

eluted with 0.2 M phosphate buffer, pH 7.0, and collected in 40 ml. fractions 
Mixture of best fractions (no. 14-18) (200 ml.) 

re-chromatographed by the same method 
Mixture of best fractions (20 ml.). 


whereas it was rapidly denatured at temperatures higher than 50°: More 
than half the activity was lost by heating the enzyme at 65° for two minutes, 
or at 50° for eight minutes (Table IV). At 50°, the enzyme was found to 
be labile at below pH 6.0, indicating that the optimal pH for stability was 
between 7.0 and 8.0. 

Effect of Metals and Phosphate Ions—The aldehyde dehydrogenase, if dialyz- 
ed against tap water at 3-4°, was completely inactivated within a few hours. 
If dialyzed against deionized water, the enzyme lost approximately 80 per 
cent of its activity after fifteen hours. However the enzyme was perfectly 
stable during 24-hours dialysis, if 0.002 44 Mg** ion was present. 

Enzyme which had been dialyzed against deionized water for 15 hours 
(residual activity, approximately 20 per cent), was largely re-activated by 
the addition of Mgt*, Cot* or Mn*+ ions, but not by Zn**+ or Fet*+ ions 
(Table V). 
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Fic. 2. Activity-pH curves of aldehyde dehydrogenase in different 
buffers. The enzyme used was a mixture of fractions no. 14-18 in the first 
resin chromatography (Table II), and 0.2 ml. of enzyme solution (E280my/ 
ml.=1.000) was added to the reaction mixture. ‘Three kinds of buffer 
(0.1 M) were used: sodium phosphate-NaOH, Tris (hydroxymethyl) amino- 
methane-HCl, and ammonia-ammonium chloride.~ The other experimental 
conditions were the same as for Table I. 


0.03 


340 mu/ min. 
oO 
5 
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Fic. 3. Heat stability of aldehyde dehydrogenase. The enzyme 
used was a mixture of fractions no. 14-18 in the first resin chro- 
matography (Table II). The enzyme solution was adjusted to 
various pH’s with 0.2 N NaOH or HCl in an ice bath. Then the 
enzyme solution (E2¢0m,,/ml.=0.360) was allowed to stand at room 
temperature for | hour, or heated at 50° for 2 minutes and then 
immediately cooled in an ice-bath. The enzyme activity was assayed 
spectrophotometrically with the following components: 0.2 ml. of the 
enzyme solution, 3.0 ml. of 0.04 M sodium phosphate-NaOH buffer 
(pH 9.0), 0.1 ml. of 0.2 M acetaldehyde and 0.1 ml. of 6.0 mM TRIN: 
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The enzyme after re-activation by Mg** ions was further activated by 
phosphate ions. 


TasLe IV 
Inactivation of Acetaldehyde Dehydrogenase by Heating 


Percentage inactivation 
mee) eo Heated for (min.) 

0 Z 4 6 8 10 20 
= (0) 
40 3 
50 15 27 39 70 94 100 
55 26 
60 39 
65 58 
70 88 
75 100 


The enzyme solution used was a mixture of fractions no. 14-18 in the 
the first run of the resin chromatography (Table II). Before use, the enzyme 
solution was adjusted to pH 7.0 with 0.1 N NaOH, and then heated. Im- 
mediately after heating, the solution was chilled by immersing it in an 
ice-bath. Enzyme activity was assayed spectrophotometrically at room 
temperature (20°) with the following components: 3.0 ml. of 0.04 M@ sodium 
phosphate-NaOH buffer (pH 9.0), 0.1 ml. of 44.2mM MeCl,, 0.1 ml. of 
6.0 mM TPN, 0.1 ml. of 0.2 M acetaldehyde and 0.2 ml. of enzyme solution. 
Reactions were started by adding acetaldehyde. 


Substrate Specificity of the Enzyme—Besides acetaldehyde, the enzyme could 
rapidly dehydrogenate some other aldehydes: propion-, n-butyl-, n-valer-, 
m-Ccapron-, n-oenanth-, and n-capryl-aldehydes, but not glyceraldehyde 
(Table VI). The Km was 2.44x10-4 M for acetaldehyde, 0.94x10-4 M for 
propionaldehyde, and 4.65 10-4 M for n-butylaldehyde, in the presence of 
1.8x10-* 4 TPN (Fig. 4). Generally speaking, the enzyme could decompose 
the aldehydes of saturated fatty acids with carbon chains of less than ten, 
but not those of unsaturated fatty acids. The Km for TPN was 3.33 x 10-5 
M, 5.10 10-° M, and 8.38x10-' M in the presence of acetaldehyde, propio- 
naldehyde and n-butylaldehyde, respectively (Fig. 5). 

Effect of Various Inhibitors on the Enzyme Activity—Of the metal-chelating 
agents tested, the TPN-reducing activity of the aldehyde dehydrogenase was 
partially inhibited by EDTA, pyrophosphate and azide, but not o-phenan- 
throline, 8-oxy-chinoline and dizizone (Table VII). It seems unlikely that 
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TABLE V 
Effect on Enzyme Activity of Metal and Phosphate Ions 
Additions 
Type of enzyme a pian 
Substance sa ( oe 
— — (100) 
Mg** 3.23 x 10-4 108 
Mg*t* 6.47 x 1074 126 
Mg** 1,29 x 1073 196 
Cox 4.0971 054 176 
Dialyzed enzyme pe seas a 

Tb re 6.13 10-4 108 
Mn‘*t V2 10% 147 
Kem 4.43 x 10-4 100 

Phosphate 5.00 x 1074 130 

Phosphate 4.00 x 1073 182 

Phosphate 1.10 x 107? | 199 
Mgtt 1291058 

plus: 

Phosphate DOOR 10s | 198 

Plesk alt - Yoowins | 204 

Phosphate | 1.10107 | 221 

Non-dialyzed enzyme Meg*t | 1.29 1073 | 
| plus: | 
Phosphate | ™4J0%20-2. | 500 


The enzyme used was the same as for Table IV, except that in 
most experiments enzyme which had been dialyzed against deionized 
water for 15 hours in a cold room was used. Enzyme activity was 
assayed spectrophotometrically with the following fundamental com- 
ponents: 3.0ml. of Tris (hydroxymethyl) aminomethane-HCl buffer 
(0.1 M, pH 9.0), 0.1 ml. of 0.2 M acetaldehyde, 0.1 ml. of 6.0mM 
TPN, 0.1 ml. of enzyme solution and water to a total volume of 3.5 ml. 
Metals were added as their chloride salts, and disodium phosphate was 
used. Reactions were started by adding acetaldehyde. 
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TABLE. VI 
Substrate Specificity of Aldehyde Dehydrogenase 
The enzyme used was a mixture of the best fractions from the second resin 
chromatography (Table II). The experimental conditions were the same as for 
Table II, except the substrate used. 


| AE3som,/min. 
Substrate added | Final concn. of substrate 
| 5.0mM 0.5mM 
Formaldehyde <0.001 <0.001 
Acetaldehyde | 0.114 0.072 
Propionaldehyde | 0.048 0.090 
n-Butylaldehyde 0.066 0.018 
n-V aleraldehyde 0.042 0.024 
n-Capronaldehyde” 0.030 0.018 
n-Oenanthaldehyde” 0.036 0.018 
n-Caprylaldehyde” 0.049 0.030 
Glyceraldehyde <0.001 <0.001 
Chloral hydrate <0.001 <0.001 
Benzaldehyde <0.001 <0.001 
p-Glucose | <0.001 <0.001 
p-Ribose <0.001 <0.001 
p-Arabinose <0.001 <0.001 
Xanthine <0.001 <0.001 
Crotonaldehyde 0.000 0.000 


1) Added as emulsions. 


for n-Butylaldehyde 


for Acetaldehyde 


for Propionaldehyde 


2 Sx lO4 
1/5) 


Fig. 4. Km values for various substrates of aldehyde dehydro- 
genase. The enzyme used was a mixture of fractions no. 14-18 
from the first resin chromatography (Table II). The experimental 
conditions were the same as for Fig. 3, except that 0.1 ml. of the 
enzyme solution (E2g0m,/ml. 0.500), and various concentrations of 
acetaldeldehyde, propionaldehyde and n-butylaldehyde were used. 
The Km was calculated according to the Michaelis and Men- 
ten equation (/5). 
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TaBLe VII 


Effects of Various Inhibitors on Enzyme Activity of 
Acetaldehyde Dehydrogenase 


Inhibitor added 
Percentage inhibition 
Substance Final concen. (M) 
None _— (0) 
EDTA 6.0x 10-4 7 
30x 1One BZ 
Pyrophosphate 6.0x 10-4 0 
3.0.x 1073 32. 
Azide 6.0 10-4 0 
3.0 1073 14 
o-Phenanthroline 6.0x 1074 0 
ZA AN Oss 0 
8-Oxy-chinoline 6.0 x 10-4 0 
24 Axe —3 
Dizizone 6.0 1074 0 
2.4 1073 2 
Cyanide 6.0 x 10-4 0 
1 Opell: 54 
Semicarbazide 6.0x 10-4 | 14 
3.0x 10-3 64 
NaHSO; 6.0x 104 | 11 
SOAR? 79 
Arsenate 6101062 | 60 
HA» 320 < 10-2 100 
PCMB SOK 10-2 100 
Monoiodoacetate 3:00 100 


1) Preincubated with the enzyme for 10 minutes. 
The enzyme used was the mixture of fractions no. 14-18 in the 


first resin chromatography (Table II). 
were the same as for Table IV, except that the enzyme solution was 
not heated and that various kinds of inhibitors were added. 


The experimental conditions 
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with n-Butylaldehyde 


with Propionaldehyde 


with Acetaldehyde 


fe) 3 6 9 xI05 
P/ACCERN 

Fic. 5. Km for TPN of aldehyde dehydrogenase in the pre- 
sence of various substrates. The experimental conditions were the 
same as for Fig. 4, except that concentrations of acetaldehyde, 
propionaldehyde and n-butylaldehyde were 1.18 1073 M, 3.12 1074 
M and 6.45x 10-4 M, respectively, and that various concentrations 
of TPN were used. 


TasLe VIII 
Effect of Hydroxylamine on Acetaldehyde Dehydrogenase Activity 


The enzyme used was a mixture of fractions no. 14-18 in the first resin chro- 
matography (Table II). The experimental conditions were the same as for Table 


IV, except that the reaction components were preincubated at room temperture as 
described in the Table. 


| 


: = : ——————— = _ = 
pu anb Os tere aie! Final concn. of HA (M)|_ Percentage inhibition 


(minute) | 

Enzyme | — (0) 
Enzyme (0) Opal Ome 22 
Enzyme HA (10) 3x 1054 89 
(10) | OS O 89 

(10) 3x 1073 98 

10) | 6x 1073 | 100 

(3) Spxelms 60 

6 Sl One 81 

Enzyme Acetaldehyde HA (10) 3x 1074 1] 
(10) SO 20 

10) | 31058 24 

10) Ox Oe 91 

Enzyme TPN HA 10) 3x 1073 PD 
TPN HA 10) 31073 7 
TPN Acetaldehyde® HA (10) 3x 1073 9 


2) Concentration of acetaldehyde added for preincubation, 610-4 M, and 
to assay the activity, further acetaldehyde was added. 
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metals such as iron and copper functioned in the enzyme reaction. However 
it seems likely that cyanide as well as semicarbrzide, HA and NaHSO, 
trapped aldehyde, thus lowering concentration of substrate and decreasing 
the apparent enzyme activity. The effect of HA was examined further 
(Table VIII). After pre-incubation with HA (3x 10-4 M), the enzyme was 
89 per cent inactivated. If HA was pre-incubated with acetaldehyde, 
twenty-times more HA (6x 10-* 44) was required to give the same degree of 
inhibition. If TPN (2.1 x 10-444) was added to the enzyme together with HA 
(3.0 10-4 M2), the inhibitory action of HA was completely lost, regardless 
of whether the enzyme was pre-incubated with HA or not. Kinetic ana- 
lysis of the HA inhibition showed that it was competitive with acetaldehyde 
(Fig. 6), and but not with TPN (Fig. 7). 


2,000 


1,000 +Hydroxylamine 
1/WV) 1/CVI 
+Hydroxylamine 
IF 
000 500 
3 
| ie %) 4 xld 3 6 xlQ5 
he 1/CTPN] 
Fic. 6. Interrelationship between acet- Fic. 7. Interrelationship of TPN and 
aldehyde and HA in the hydroxylamine HA in the hydroxylamine inhibition of 


inhibition of acetaldehyde dehydrogenase. 
The enzyme used was a mixture of fractions 
no. 14-18 in the first resin chromatography 
(Table II). Tenml. of the enzyme solution 
(E280my/ml.=0.100), 30.0ml. of 0.04 4 
phosphate-NaOH buffer, pH 9.0, and 1.0ml. 
of 0.01M HA or water were mixed, and then 
pre-incubated in an ice bath for 15 minutes. 
After pre-incubation, the enzyme activity 
was assayed spectrophotometrically with the 
following components: 3.0ml. of the pre- 
incubated solution, 0.1 ml. of 6.0mM TPN 
and 0.2ml. of an appropriate amount of 
acetaldehyde. 


acetaldehyde dehydrogenase. Experimental 
conditions were the same as for Fig. 6, 
except that in the activity assay, 0.1 ml. 
of 0.2 M acetaldehyde and 0.2ml. of an 
appropriate concentration of TPN were 
used. 


PCMB and monoiodoacetate also inhibited the TPN-reducing activity of 
the enzyme. The PCMB inhibition could be completely counteracted by 


the addition of cysteine (Fig. 8). 


Effect of Coenzyme A on the Enzyme Activity—Coenzyme A neither activated 
nor re-activated aldehyde dehydrogenase which had been dialyzed against 
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deionized water either in the presence or absence of Mg**. 

Specificity of the Enzyme for Electron Acceptors—The aldehyde dehydrogenase 
could reduce TPN, but not DPN, cytochrome c, ferricyanide, or methylene 
blue. 


Acetaldehyde 
(J 


Cysteine 


(10° Mg 

Eg + PCMB (5.7x10 4M) 
x +Cysteine (102M) 
Sh 

= 
EL 
hr 

lw 

SI 


+PCMB 
C1.1x105M) 


ern cece ol oO ions Nd 
TIME ( minutes ) 


Fic. 8. Inhibition of acetaldehyde dehydrogenase by PCMB. 
The enzyme used was a mixture of fractions no. 14-18 from the 
first resin chromatography (Table II). Enzyme activity was assayed 
spectrophotometrically with the following basic components: 0.1 ml. 
of the enzyme solution (E280mpz/ml.=0.100), 3.0ml. of 0.04 14 
phosphate-NaOH buffer, pH 9.0, 0.1 ml. of 6.0mM@ TPN, 0.1 ml. 
of 0.2 M acetaldehyde, 0.1 ml. of 44.2 mM MgCl, and water to a 


total volume of 3.5ml.. Where indicated by arrows, cysteine was 
added. 


DISCUSSION 


Bacterial acetaldehyde dehydrogenase has been purified from Clostridium 
by Stadtman ¢ al. (5, 6,7). The dehydrogenase is DPN-dependent, unlike 
the Acetobacter aldehyde dehydrogenase which is strictly ,TPN-dependent. 
Furthermore, the Clostridium enzyme has also been shown to require coenzyme 
A. Aldehyde dehydrogenase from yeast (2) is rather similar to the Acetobacter 
enzyme in its TPN-dependency, high optimal pH, and it is also reactivated 
by Mg** ions. However, the two enzymes can be definitely distinguished 
from each other at least by the following two properties: firstly, the yeast 
enzyme but not the Acetobacter enzyme can dehydrogenate glyceraldehyde; 
secondly, only the latter can dehydrogenate aldehydes with more than 10 
carbon atoms in their chain. These differences clearly show that the alde- 
hyde dehydrogenase from Acetobacter is a new type of enzyme. 
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Because of the strong inhibition of PCMB and monoiodoacetate, it seems 
likely that the Acetobacter aldehyde dehydrogenase has sulfhydryl groups in 
its active center. On the other hand, the enzyme is strongly inactivated by 


2 
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‘\R-CHO 
ZLPN ’ 
active 
\NR-CHO 
or HA 
H 
yaa | 7 ee eR CHO a7 
2) By ——>|E . a ae —_*——> E inactive 
HA \HA NHA 
or R-CHO 
+TPN+R:CHO TPN 
E ———> active 
\R-CHO 
é TPN 
7 R-CHO+HA preincubate. 7  +TPN+R:CHO 7 
oe ? Dp >E een ————>_ a tive 
~ Kor NA \ 
Cup, HA 
@te No 7 + TPN+R-CHO _/TPN 
ONG E ——————> E ——> active 
% iS \R.CHO HA 
4 
7 UA .TpN+R-CHO TPN 
iS E inactive 
HA \R.CHO 
or R-CHO 
N oT 
VA +TPN+HA preincubate nue +R-CHO 7 | 
4) rn carareerea ————> E ————> E ————> active 
2rn. Sa Sas 
% A R-CHO 
Cup 
eA 
Yi 
< inactive 
HA 
“s TPN TPN 
+EL Z +R-CHO 7 
5) TPN+HA ——~——————> E ee eee == > ‘active 
‘HA \R.CHO 
A TPN 
+E 7 LPN R. y, 
6) R-CHO+TPN+HA —————> EC or Sy, active 
(R:CHO <HA) HA R-CHO 
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HA. It seems possible that some of the inhibition by HA is caused by the 
aldehyde-trapping property of the reagent: that is the substrate concentration 
is lowered in the presence of HA. However, it is probably that all the 
inhibition can be thus explained, since addition of HA to the reaction mix- 
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ture without preincubation with acetaldehyde, or preincubation with the 
enzyme alone before addition of acetaldehyde causes more inhibition than 
when HA is preincubated with acetaldehyde. Preincubation of the enzyme 
with HA causes the most inhibition. Therefore, HA can combine with the 
enzyme protein itself to form an enzyme-HA complex. This conclusion 
together with the observed inhibition by PCMB and monoiodoacetate, 
suggests that aldehyde groups are present in the active center as well as or, 
rather than, sulfhydryl groups. The competitive effect of acetaldehyde and 
HA observed in experiments without preincubation, may be due to the 
competition of these compounds for the active groups. However a low con- 
centration of TPN, if added to the enzyme together with or before HA, can 
completely prevent the HA inhibition. Therefore, it is quite possible that 
TPN combines witn some active group on the enzyme, and that the pro- 
perties of the active site of the enzyme are greatly changed by the forma- 
tion of an enzyme-TPN complex so that HA can no longer combine with 
the enzyme. The active sites of the enzyme with which HA and TPN 
combined must differ, because HA does not compete with TPN. 

In yeast alcohol dehydrogenase, Kaplan and Ciotti (17, 18, 19, 20) 
have suggested the formation of an enzyme-DPN-HA complex. In the case 
of Acetobacter aldehyde dehydrogenase, it does not appear that an enzyme- 
TPN-HA complex is formed, whereas it seems likely that enzyme-TPN and 
enzyme-HA complexes are. A suggested scheme for the enzyme reaction 
and the HA inhibitions is shown below, where “E” represents an enzyme 
which has two different kinds of active groups; one binding TPN or HA, 
and other binding aldehyde or HA. It seems that the enzyme is inactivated 
by the formation of enzyme-HA complex which strictly combined HA with 
the former (=TPN-finding site). 


SUMMARY 


1. Using Acetobacer sp., the intracellular distribution of enzymes related 
chiefly with acetic acid fermentation was studied by the method of centri- 
fugal fractionation of the cell-free preparations extracted from ground cells 
and from a cell acetone powder with buffer. From both sources, aldehyde 
dehydrogenase was extracted in a water-soluble form, but the cytochrome- 
oxidizing enzyme system was not. The latter is always found in the cellular 
fragments together with most of the heme-proteins. All enzymes tested 
related to the tricarboxylic acid cycle were detected in the cellular frag- 
ments, but not in the water-soluble fraction. The latter shows strong suc- 
cinic- and oxaloacetic-decarboxylase activities. 

2. The aldehyde dehydrogenase can be purified 200 fold after extrac- 
tion from the acetone powder mainly by treatment with rivanol, and chro- 
matography on an Amberlite CG-50 column. 

3. The enzymic activity is dependent upon TPN but not DPN, and it 
does not require coenzyme A. Of the metals tested, Cott, Mag*ts.Mait*s 
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and phosphate ion can reactivate the enzyme previously inactivated by 
dialysis, but Zn** and Fet+* cannot. 

4. The enzyme shows a broad substrate specificity. It dehydrogenates 
acet-, propion-, n-butyl-, n-valer-, x-capron-, n-oenanth- and n-capryl-aldehydes, 
but not glyceraldehyde. The Km is 2.44 10-4 mole/liter for acetaldehyde, 
0.94 10-* mole/liter tor propionaldehyde, and 4.65x10-* mole/liter for n- 
butylaldehyde. The Km for TPN is 3.33x10-> mole/liter, 5.10 10-> mole/ 
liter, and 8.38x10-* mole/liter in the presence of acetaldehyde, propionalde- 
hyde, and n-butylaldehyde, respectively. 

5. The enzyme activity is inhibited by the presence of the following 
substances: EDTA, pyrophosphate and azide inhibit slightly, while cyanide, 
semicarbazide, PCMB, moniodoacetate, NaHSOs, arsenate and HA inhibit 
strongly. It is not inhibited by o-phenanthroline, 8-oxy-chinoline and dizi- 
zone. The HA inhibition is competitive with that of acetaldehyde, but 
HA is non-competitive with TPN. The inhibition by PCMB can be com- 
pletely counteracted by cysteine. 


6. Heart muscle cytochrome c, ferricyanide, and methylene blue do not 
serve as electron acceptors. 

7. From these results, the formation of an enzyme-TPN complex and 
an enzyme-HA complex are discussed. The reaction mechanism of Acetobacter 
aldehyde dehydrogenase is also discussed emphasizing that the active site 
of the enzyme which combines with TPN is different from that which 
combines with the substrate or HA. The possibility is also suggested that 
reduced coenzyme-cytochrome reductase and a non-coenzyme-dependent 
alcohol dehydrogenase might be extractable in their water-soluble forms. 


The author would like to express his sincere thanks to Prof. K. Okunuki, Depert- 
ment of Biology, Faculty of Science, University of Osaka, Osaka, for his valuable guidance 
during this study, and to Miss A. Inoue for her technical assistance. 
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In the soil and many other inhabitants, a number of bacteria may be 
placed at liquid-solid (or gas-liquid) interfaces, which may affect their 
chemical activity. However, little is known whether, and in what manner, 
the chemical activity of bacterial cell would change when they are trans- 
ferred from a free state (suspended in a liquid medium) to a liquid-solid 
interfaces. The present report is concerned with some of such modifications 
observed in the chemical activity of E. coli, when the organism was adsorbed 
on a resin, Dowex |. Preliminary accounts of the work have been given 
previously (J, 2). 


MATERIALS AND METHODS 


Organism—The work was carried out with Escherichia coli Yamaguchi strain, which was 
kindly supplied by the Institute for Infectious Disease of Téky6 University. About 2x 
108 cells were inoculated into 100ml. of nutrient broth (pH 7) and grown aerobically 
by shaking at 30° for 5 hours. The cells were harvested by centrifugation (4000 r.p.m. 
for 15 minutes) and, after being washed once with distilled water, suspended in the same 
medium. 

Preparation of Adsorbed Cells—The resin used as adsorbent was Dowex 1, X-4, 100-200 
mesh in the chloride form. Ten millilitres of the cell suspension (10!°~10" cells/ml.) 
was added to 10g. of the resin (contained swelling water) in 100ml. of a Elrenmeyer 
flask and kept at 37° for 30 minutes. The resin was then washed several times with 
about 100ml. of distilled water, until the washings contained less than 10® cells/ml. 
The number of adsorbed cells per gram of the resin (N) was calculated as follows: 

(Number of cells added)—(Number of cells washed out) 
aaa | Weight of resin (g.) 
The number of cells was counted by the plated method (/). 

Measurement of Activity—Oxygen uptake was measured by the conventional Warburg 
technique at 30° with air as gas phase and 0.2ml. of 40 per cent (w/v) KOH solution in 
the center cup. The main compartment of the Warburg vessel contained 0.3ml. of free 
cells or 0.5 to 2g. of the resin with adsorbed cells, and enough 0.1 M phosphate buffer 
system (from pH 5.5 to pH 8.3) or 0.1 M borate-phosphate buffer system (from pH 8.3 
to pH 9.0) to give a final volume of 2.0ml. After thermal equilibration 0.2 ml. of a 


substrate or water was added from the side arm. 
RESULTS AND DISCUSSION 


Succinate Oxidation—With adsorbed cells the rate of succinate oxidation 
was much lower than that with free cells as shown in Fig. 1. The pH of 
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the reaction mixture with the resin was only about 0.05 units higher than 
that without the resin, and less than 1 per cent of the adsorbed cells were 


O2- UPTAKE ( ul. /109 cell) 


10 20 30 40 50 
TIME ( minutes ) 


Fic. 1. Oxidation of 0.1 M succinate with free and 
adsorbed cell (7). —@—; At pH 6.0, —O—;3 at pH 
7.0, —A—; at pH 8.0. 

Solid line and dotted line indicate activity with free 
and adsorbed cell, respectively. 


300 


200 


O2-UPTAKE Cul.) 


100 


10 20 30 40 50 60 
TIME ( minutes ) 


Fic. 2. Oxidation of 0.1M succinate with free and 
adsorbed cell at pH 6.0 (II). —QO—-; Free cells (4.8x 
10° cells), —A—; adsorbed cells (7.0 10° cells), —A—; 
free cells (4.8x 109 cells) and adsorbed cells (7.0 109 cells). 
At the time indicated by arrow free cells were added into 
the system with adsorbed cells. 


desorbed during the reaction. As depicted in Fig. 2 free cells added to 
the reaction mixture containing the resin with adsorbed cells were able to 
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attack the substrate almost as vigorously as in the medium without the resin. 
Two activity-substrate concentration curves of free cells in the system with 
and without the resin, were the same. The low activity of adsorbed cells 
may, therefore, be attributable to some modifications of the make-up of the 
cells caused by the interaction between the cell and the resin, or to the 
physicochemical nature of the surface of the resin, at which adsorbed cells 
are placed. 

Other Activities—In the case of the oxidation of other substrate, such as 
glucose, lactose, alanine or fumarate the rate of oxidation with adsorbed 
cells was also much lower than that with free cells (Table 1). 


TAREE AL 


Oxidative Activities of Various Substrates with Free and Adsorbed Cells 


activity? decrease in 
Substrate | PpH activity by 
free cell adsorbed cell adsorption” 
succinate 6.0 142 (al.)) 5 (yl.) 3.0) (%) 
» 7.0 108 17 ey) 
glucose 6.0 109 5 4.6 
3 8.0 49 16.3 
lactose 7.0 54 12 20.2 
alanine 7.0 43 12 28.0 
fumarate 7.0 a7 7 UP? 


1) Activity was expressed the amount of O, uptake by 10° cells 
for an hour. 
2) {(activity of adsorbed cell)+(activity of free cell)} x 100 


Such low activity of oxidation with adsorbed cells is considered to be 
one of the important effects, which occur in activity of E. coli when the 
cells are adsorbed on the resin. This effect will, therefore, be called “A 
eflect:”: 

Effect of pH on Activities—The concentration of hydrogen ion is one of 
the important environmental variables which affect the activities of bacteria, 
and it is to be noted here that, as Fig. | shows, the relationship between 
activity (succinate oxidation) and pH with adsorbed cells is different from 
that with free cells. Further studies were followed on oxidations of various 
substrates with free and adsorbed cells (Figs. 3 and 4). In the case of for- 
mate, fumarate, asparagine or alanine oxidation, both of two pH activity 
curves with free and adsorbed cells had a similar form, and the pH value for 
a maximum activity with adsorbed cells was higher by about one unit 
than that with free cells in each case. Such difference between two_pH- — 
activity curves, with free and adsorbed cells, will be called “B effect”, 
which will be also one of the important effects brought forth when the cells 
are adsorbed on the resin. One exceptional case of B effect was the case 
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of succinate oxidation, in which pH-activity curve with adsorbed cells was 
not similar to that with free cells and the pH value for a maximum of the 
former was higher by two units than that of the latter (Fig. 4). However, 
assuming each curve in Fig. 4 to consist of two component curves (a and 
b, a’ and b’), it may be considered that the difference between two pH- 
activity curves in Fig. 4, with free and adsorbed cells, will show a special 
case of B effect; the pH values for the maximum of curves a’ and b’ are 
higher by about one unit than those of curves a and b, respectively. 


sh 


b c d ‘ : 
Formate Fumalate Glucose Asparagine Alanine 


oe 


RELATIVE ACTIVITY (%) 


5 


a eo ony Gf Omg ES 7 8 
BULK pH 


Fic. 3. Oxidation of various substrates with free and adsorbed cell as a function 
of pH, —O—-; free cell, --@--; adsorbed cell. 
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Fic. 4. Succinate oxidation with free and adsorbed cell 
as a function of pH. 


Activity of Desorbed Cells—In elucidation of causes of A and B effect it 
is of importance to investigate whether, and in what manner, the chemical 
activity of the cell would change when they are transferred again from the 
adsorbed state to a free state. Adsorbed cells were desorbed into 1 per 
cent of NaCl solution and after being collected by centrifugation (4000 r.p.m., 
for 15 minutes), suspended in distilled water. Cells in the desorbed cells 
that could form colonies amounted to 10 per cent of the adsorbed cells, 
which agrees roughly with the estimation of the desorbed cells with turbidity. 
The activity of succinate oxidation with desorbed cells thus prepared was 
found to be about 50 per cent of that with free cells at pH 7.0 (on the cell- 
turbidity basis). Heat-treated extract of the free cell (heated in boiling water, 
for ten minutes) promoted the activity of desorbed cells from 1.5 to 2.5 
times. The pH-activity curve of formate and succinate oxidation with de- 
sorbed cells are shown in Fig. 5. In the case of formate oxidation the curve 
of desorbed cells was the same as that of free cells, and this indicates that B 
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effect will be reversible. It is noteworthy that, in the case of succinate 
oxidation, the curve of desorbed cells is similar not to that of free cells but 
to that of adsorbed cells, and that the pH value for the maximum of de- 
sorbed cells is lower by about one unit than that of adsorbed cells. The 
result leads one to consider as follows; some materials in the cells, which 
are concerned specifically with succinate oxidation, would be pulled out 
(3) or inactivated by the resin, when the cell was adsorbed on the resin. 
For the cause, in the case of succinate oxidation, the curve of free cells woud 
be transformed to that of desorbed cells at the first step, and for the same 
cause of B effect the curve of desorbed cells would be moved by one unit 
to alkali side and would be that of adsorbed cells at the next step. 


[Succinate Formate 
lO0O0F 


Adsorbed 
j cell 


ELATIVE ACTIVITY (%) 


1 —s! 
7° 8 OS" <6 7% 83 

BULK pH 

Fic. 5. Succinate and formate oxidation with desor- 
bed cell as a function of pH, —O—; desorbed cell, 
—@—; free cell. 
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Hypothesis of Cationic Layer—B effect will be interpreted tentatively in 
terms of a cationic layer outside of the anionic layer on the surface of the 
resin and deep enough to cover the adsorbed cells. If the concentration 
of hydrogen ion is about ten times higher in the cationic layer than in the 
bulk solution, adsorbed cells will be exposed to higher pH by one unit than 
cells freely suspended in the solution. It may, therefore, be expected that 
pH-activity curve of adsorbed cells will be similar to that of free cells, and 
pH value for a maximum of the former (expressed in terms of pH of the 
bulk solution) will be higher by one unit than that of the latter (4). 

If the interpretation will be reasonable, the concentration of a mono- 
valent anion in the layer will be one-tenth of that in the bulk solution, 
and the concentration of a zwitterion will be the same in both the layer 
and the bulk solution. Experiments shown in Fig. 6 and previous report 
(2) are concerned with such an assumption; initial velocities of oxidation 
with free and adsorbed cells were observed at various concentration of for- 
mate and succinate as anions, and asparagine and alanine as zwitterions. 
The velocity reached a maximum at ten times higher concentration of 
formate with adsorbed cells than with free cells. On the other hand, the 
maximum velocity of asparagine (2) or alanine oxidation occurred at the 
same con- centration with free and adsorbed cells. These results would be 
attributable to the effect that would be expected from the tentative cationic 
layer. It is, however, to be remembered that the interpretation of B effect 
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is tentative and some modifications may be subject to it. It is also of in- 
terest that succinate ion behaves as a monovalent anion as depicted pre- 
viously (2). 

Possible Causes of A Effect—Decrease in the activity, brought forth when 
the cells were transferred from bulk solution on the surface of the resin, 
would consist of three possible processes as show schematically in Fig. 7. 


i 


Formate , Alanine 


RELATIVE ACTIVITY (%) 


afl eh a P2e || cay 72 Ih (0) 
Log (molar concentration ) 


Fic. 6. Formate and alanine oxidation with free and 
adsorbed cell as a function of substrate concentration. 
—O-—; Free cell, —@—; adsorbed cell. 
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Fic. 7. Schematical representation of possible causes of A effect. 


The process (I) would be caused by the tentative cationic layer, and the 
process (II) would be attributable to the part of the surface area of the 
adsorbed cell, which contacts with the surface of the resin and enzyme in 
which located would not be able to oxidize a substrate, for the enzyme 
system would not be supplied enough substrates and molecular oxygen. 
These two processes would be reversible ones, by which recovery of the 
activity observed in succinate oxidation with desorbed cells would be well 
explained. The process (III) would be an irreveresible one. 


The process 
(III a) would be due to loss of cofactors in the cells (3). 


The promotion 
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of the activity of desorbed cell by addition of the heat-treated extract of the 
free cell would support this possibility. The process (III b) would occur 
only in the case of succinate oxidation as mentioned above. 


SUMMARY 


1. With a resin, Dowex 1, in the Cl’ form as adsorbent, it was made 
possible to prepare cells adsorbed at liquid-solid interface and to study the 
nature of their chemical activities comparing with those of free cells (sus- 
pended in solution). 

2. Oxidative activity, such as formate, succinate, fumarate, glucose, 
asparagine or alanine oxidation, was much lower with adsorbed cells than 
with free cells (A effect). In each case of such oxidations activity-pH curve 
with adsorbed cells was similar to that with free cells, and pH value for a 
maximum of the former was higher by one unit than that of the latter (B 
effect). 

3. It was shown that B effect would be explained tentatively in terms 
of a cationic layer, placed outside of the anionic layer on the surface of 
the resin. In the cationic layer hydrogen ion would be more concentrated 
by about ten times than in the bulk solution. And possible causes of A 
effect were discussed. 
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The metabolism of isonicotinic acid hydrazid has been studied by many 
investigators and a number of methods for the estimation of the hydrazid 
have been reported. None of these methods, however, are satisfactory for 
the estimation of the individual metabolites of isonicotinic acid hydrazid. 
Hence, it is desirable to have a sufficient method for the estimation of 
individual metabolites for the quantitative investigation of the metabolism. 
It is more preferable to separate each metabolite for the purpose of their 
estimation. In the present paper, such a procedure for the individual esti- 
mation of isonicotinic acid hydrazid, its N-glucuronide and N-acetyl deri- 
vative by ion exchange chromatography and colorimetric measurement was 
presented ; and the applications of this method to studies on the metabolism 
of isonicotinic acid hydrazid in the isolated perfused dog-liver were demonst- 


rated together with the production of a-ketoglutaric isonicotinoylhydrazone 
in the dog-liver. 


EXPERIMENTALS AND RESULTS 


Materials—Isonicotinic acid hydrazid (INH), N-acetyl-N’-isonicotinoyl- 
hydrazine (Ac-INH), sodium glucuronate isonicotinoylhydrazone (INHG), 
and calcium pyruvate isonicotinoylhydrazone were obtained commercially. 
a-Ketoglytaric isonicotinoylhydrazone was supplied by Daiichi Seiyaku Co., 
Ltd., Tokyo, Japan. 

Pur fusion of Liver—Perfusion of the isolated liver of a dog was performed 
by the method of Ohashi (J), with some modifications. A dog was sacri- 
ficed and about 150ml. of blood were removed from the inferior vena cava 
of the abdomen. Liver was carefully removed, with one cannula inserted 
into the portal vein and another into the inferior vena cava of the thorax. 
The Krebs-Henseleit solution was perfused through the liver to wash out 
most of blood and the liver was fixed in the perfusion apparatus. Perfusion 
was made at the flow rate of 350ml. per minute at 38°. The perfusion 
fluid consisted of 500ml. of the Krebs-Henseleit solution and 100ml. of 
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defibrinated dog blood. 

Chromatographic Separation of INH and its Derivativee—Two 1x25cm. col- 
umns of Dowex-1 X-10 (200 to 400 mesh, Cl--form) were prepared. For the 
separation of free INH and Ac-INH, the test solution which consisted of 
the mixture of INH, INHG and Ac-INH dissolved in 10 to 30ml. of the 
Krebs-Henseleit solution or in the same volume of the perfusion fluid at 
the concentrations of 50 to 400g. equivalent to INH, adjusted to pH 8.0 
with 1 NV sodium hydroxide, was placed on the top of the column without 
any deproteinization (Column A). Effluent was collected in 2.5ml. portions 
by an automatic fraction collector and each fraction was estimated by the 
colorimetic method as described below. After adsorption of the materials, 
about 50ml. of deionized water was passed through at the flow rate of 
about 0.5ml. per minute, by which free INH was washed out of the column 
together with protein. Most of the protein contained in the sample was 
removed from the column in this process. Then an acetate buffer solution 
(0.1514, pH 6.0) was passed through to elute Ac-INH in a good recovery. 
INHG was eluted not by the acetate buffer solution but by 1 M sodium 
chloride at a recovery rate of less than 60 per cent (Fig. 1). 
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Fic. 1. Chromatogram of INH, INHG and Ac-INH on Dowex-! (A). 

INH, INHG and Ac-INH were dissolved in the Krebs-Henseleit solution 
at the concentration of 400 wg. equivalent to INH, and adjusted to pH 8.0 
with 1N NaOH. The solution was chromatographed on Dowex-1 X-10 
(Cl-, 200 to 400 mesh). After the separation, INH and INHG were esti- 
mated by the modified $-naphthoquinone sulfonate procedure of Shirai, 
and Ac-INH was estimated by the modified method of Kelly-Poet. The 
figures in the parentheses indicate the average value of recovery. 


For the separation of INHG from the others, the same test solution{as 
used in the above experiment, adjusted to pH 6.0 with 1N hydrochloric 
acid, was chromatographed on the other column of Dowex-1 without any 
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deproteinization (Column B). After adsorption of the sample, about 30 ml. 
of water was passed through at the same flow rate as above. Free INH 
and Ac-INH were washed out of the column, together with protein, by 
water. Then INHG was eluted with 1M sodium chloride in a good re- 
covery (Fig. 2). 


INH INHG 
(96.3%) (96.2%) 


Ac-INH 
\(92.7%) 


OPTICAL DENSITY (at470 mu) 


10 20 30 40 50 60 
FRACTION NUMBER 


Sample H2O0 1M NaCl 
Fic. 2. Chromatogram of INH, INHG and Ac-INH on Dowex-l 


(B). 

INH, INHG and Ac-INH were dissolved in the Krebs-Henseleit 
solution at the concentration of 400 ug. equivalent to INH, and adjust- 
ed to pH 6.0 with 1N HCl. The solution was chromatographed on 
Dowex-l1 X-10 (Cl, 200 to 400 mesh). After the separation, INH 
and INHG were estimated by the modified £-naphthoquinone sulfonate 
procedure of Shirai, and Ac-INH was estimated by the modified method 
of Kelly-Poet. The figures in the parentheses indicate the average 
value of recovery. 


As shown in Figs. | and 2, INH and its derivatives were separated defi- 
nitely and recovered satisfactorily. It is the most important in this procedure 
to adjust pH of a sample before chromatography. ‘The chromatographic 
behaviour of Ac-INH varied markedly with the pH of a sample. At an 
acidic pH (below 6) Ac-INH was not adsorbed on Dowex-l but washed 
out with water together with protein and free INH, while at an alkaline 
pH (pH 8.0) its adsorption was complete. Ac-INH adsorbed on Dowex-l 
was eluted by the acetate buffer solution (0.15.4, pH 6.0) at a recovery rate 
of more than 95 per cent. INHG was adsorbed both at alkaline and acidic 
pH but its recovery from an alkaline sample (pH 8.0) was found to be in 
the range of 60 to 80 per cent, while from an acidic sample (pH 6.0) more 
than 96 per cent. Free INH, which was not adsorbed in all pH range, 
could be washed out of the column by water at a recovery rate of more 
than 95 per cent. INH should be estimated on the chromatogram of an 
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alkaline sample, because it was eluted together with Ac-INH in an acidic 
sample. As the protein in a sample was washed out of the column by 
water in the first 6 or 7 fractions, no deproteinization of the sample was 
required. 


Colorimetric Estimation—The estimation of each substance separated by 
ion-exchange chromatography was made by the partially modified methods 
of Kelly and Poet (2) and Shirai (3). The extraction process in the 
procedure of Kelly and Poet was replaced by deproteinization. Fractions 
containing protein which were eluted from the column A of Dowex-l by 
water were deproteinized by the use of f-toluenesulfonic acid for the esti- 
mation of free INH. One ml. of 20 per cent f-toluenesulfonic acid in 2.N 
hydrochloric acid was added to 1.0ml. of each of these fractions, shaken 
vigorously and allowed to stand for about 10 minutes, and then filtered. 
One ml. of each of these clear filtrates was mixed with 0.5ml. of 6 N hydro- 
chloric acid and 1.0ml. of the p-dimethylaminobenzaldehyde reagent (pre- 
pared by dissolving 1.2g. of -dimethylaminobenzaldehyde in 20ml. of 
ethanol, followed by addition of 2 ml. of conc. hydrochloric acid) and heated 
in a boiling water bath for 1 hour. After the color developed, the reaction 
mixture was diluted with 0.1 N hydrochloric acid up to 5.0ml. and read at 
470 my. The other protein-free fractions were estimated directly as mentioned 
above, without deproteinization. 

In order to determine the elution curves of the individual substances 
which overlapped with one another, a modification of the 6-naphthoquinone- 
4-sulfonate procedure of Shirai was also applied. For the determination 
of free INH, 0.5ml. of each fraction was diluted with distilled water to 
5.0ml. and cooled in an ice-water bath, followed by addition of 0.1 ml. of 
1 N sodium hydroxide and 0.1 ml. of 0.2 per cent sodium-f$-naphthoquinone- 
4-sulfonate solution. The mixture was kept in a dark place for 30 minutes 
before its optical density was read in a photoelectric photometer, Hitachi 
FPW-4 model, with No. 47 filter (470my) using Icm. cells. For the 
determination of INHG, 0.5ml. of each fraction was diluted with 4.1 ml. of 
water, followed by addition of 0.2ml. of 1 N hydrochloric acid, and hydro- 
lyzed at 38° for 1 hour. After neutralization with 0.2ml. of 1N sodium 
hydroxide, colorimetric estimation was performed as mentioned above. ‘The 
value thus estimated indicates the sum of free INH and INHG, if they 
exist in the same fraction. For the determination of Ac-INH, the modified 
method of Kelly and Poet described above was used. The value esti- 
mated involves all INH derivatives, if any, in the same fraction. 

Metabolism of INH and Separation of a-Ketoglutaric Isoncotinoyl-hydrazone— 
The isolated dog-liver was perfused for 150 minutes with 150mg. of INH. 
Analysis of the perfusate indicated that a large portion of the INH given 
remained unchanged and that a small portion was converted into N-glucuro- 
nide, and INH was little acetylated in the dog-liver. In addition, another 
metabolite was found on the chromatogram to have been produced in the 
perfusion of the liver. This metabolite was eluted not by 1M sodium 
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chloride but by 0.1 N hydrochloric acid and reacted with p-dimethylamino- 
benzaldehyde and with f-napthoquinone-4-sulfonate, as was observed on 
INH. ; 

The typical chromatograms of the dog-liver prefusate are shown in 
Fig. 3, and the metabolites produced are listed in Table I. As shown in 
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Fre. 3. Chromatographic diagrams of the perfusate of the 
isolated dog-liver with INH. 

The isolated dog-liver was perfused for 150 minutes with 
150mg. of INH. Each 30 ml. sample of the perfusate, adjust- 
ed to pH 8.0 (A) and to pH 6.0 (B), was chromatographed 
on a 1X25cm. column of Dowex-l1 X-10 (Cl, 200 to 400 
mesh), at the flow rate of 0.5ml. per minute. 

—- Elution curve determined by p-dimethylaminobenzaldehyde, 
—-- Elution curve determined by 2: 4-dinitrophenylhydrazine. 


the table, most of INHG perfused was unchanged in the isolated dog-liver 
except for hydrolysis to free INH in a small amount. It was interesting 
that INH was acetylated in the rabbit-liver and that Ac-INH was found 
to be a main metabolite from INH in the rabbit, as seen in the table. The 
details of the metabolism of INH and its derivatives in the perfused rabbit- 
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liver will be reported elsewhere. The unknown metabolite eluted with 
0.1. N hydrochloric acid was also found in the perfusate of the rabbit-liver. 
This product seemed to be a conjugate of INH with a carbonyl compound, 
such as pyruvate or a-ketoglutrate, because the color reaction of the 0.1 NV 
hydrochloric acid fraction with 2:4-dinitrophenylhydrazine gave a pattern 
of elution curve similar to that obtained with $-naphthoquinone-4-sulfonate 
(Fig. 3). This product was found to be unstable at an acidic pH and 
probably was hydrolyzed almost completely during elution from the column. 


ABLE <1 
Analysis of the Perfusate of the Isolated Liver of Dog and Rabbit 


eR Metabolite (% of dose) 

owe INH INHG | Ac-INH -KGI sea 

INH 59.2 2.6 13 7.0 dog-liver 
3 48.2 _ LES: -- rabbit-liver 

INHG oat 90.7 0.0 1.6 dog-liver 
3) | § ipl8.5 68.7 — 6.5 rabbit-liver 


The dog-liver was given the substrate equivalent to 150mg. of INH and the 
rabbit-liver, equivalent to 75mg. of INH. Perfusion was performed for 150 
minutes for the dog-liver and for 120 minutes for the rabbit-liver. The perfusate 
was analyzed by the Dowex-1 chromatography and the colorimetric measurement. 


In order to identify the product of INH, the following procedure was 
performed. The 2.5 hour perfusate of the dog-liver with 150mg. of INH 
was centrifuged and 500ml. of the supernatant liquid was chromatographed 
on a 2.5x22cm. column of Dowex-! X-10 (200 to 400 mesh, Cl--form). The 
column was washed with about 300 ml. of water and one liter of 1M sodium 
chloride. Then the fraction eluted with 0.1 N hydrochloric acid was collect- 
ed (120ml.). A saturated solution of 2:4-dinitrophenylhydrazine in 2N 
hydrochloric acid (17 ml.) was added to the fraction, which was taken kept 
at 38° for 1 hour and extracted with ether (20ml.x10). The resulting ether 
extracts were combined and evaporated at 40 to 45°. The residue was dis- 
solved in 1N ammonium hydroxide (14ml.) and shaken with an equal 
volume of chloroform in a separatory funnel; the organic phase was discard- 
ed. The aqueous phase was acidified and reextracted with ether (30ml.). 
The ether extract was evaporated and the residue was recrystallized from 
ethanol-water to form fine yellow needles (3.5mg.). The crystals were identi- 
fied with a-ketoglutaric 2: 4-dinitrophenylhydrazone by m.p. (218-219°) and 
mixed m.p. (219°) as well as paper chromatography. In the same ion- 
exchange chromatography as described above, authentic a-ketoglutaric iso- 
nicotinoylhydrazone was eluted not by 1M sodium chloride but by 0.1.N 
hydrochloric acid, while pyruvic isonicotinoylhydrazone and free pyruvic 
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and a-ketoglutaric acid were eluted completely by 1M sodium chloride. 
It was also confirmed that a-ketoglutaric isonicotinoylhydrazone was hydro- 
lyzed to free INH during the elution with 0.1 V hydrochloric acid. These 
facts indicated that this metabolite was the conjugate of INH and a-keto- 
glutaric acid, probably a-ketoglutaric isonicotinoylhydrazone. 


DISCUSSION 


Attempts to separate INH, INHG, and Ac-INH by single chromatography 
were made unsuccessfully, because of a low recovery of INHG from an 
alkaline sample and no adsorption of Ac-INH in an acidic sample and 
probably because of various inorganic salts contained in the sample at a 
considerable concentration. 

The separation of INH derivatives other than INHG and Ac-INH is 
now under investigation. In preliminary experiments, pyruvic isonicotinoyl- 
hydrazone was eluted by 1M sodium chloride more slowly than INHG, and 
isonicotinic acid overlapped with pyruvic hydrazone. Therefore, there exists 
a possibility that the substance determined as INHG from the chromato- 
gram of the liver perfusate might contain pyruvic isonicotinoylhydrazone. 
a-Ketoglutaric isonicotinoylhydrazone and isonicotinic acid hydrazid methane- 
sulfonate were eluted by 0-1 N hydrochloric acid, overlapping with each 
other. Other derivatives, such as glucosyl INH, have not been examined 
yet. This procedure is not enough satisfactory for the microdetermination 
of the metabolites of less than 50 yg. of INH equivalent, and somewhat com- 
plicated. It is, however, more favorable to estimate each metabolite after 
definite separation of them and not to require any deproteinizing treat- 
ments which would often produce artificial changes of the metabolites. 

Recently, Belles and Littleman (4) reported a method for the quanti- 
tative determination of small amounts of INH and Ac-INH in body fluid, 
which consisted of an ion-exchange chromatographic separation of INH 
and Ac-INH by Dowex-50 (H* form) and of a very sensitive colorimetric 
measurement for isonicotinic acid. ‘This method seems to be available for 
the estimation of Ac-INH, but derivatives of a labile hydrazone type would 
be hydrolyzed to free INH by strong acidity of the resin during the chro- 
matogrrphy. The method in this paper was operated at the range of nearly 
neutral pH, to avoid hydrolysis of labile derivatives of INH. 

No acetylation was observed in the dog-liver. Generally, it has been 
recognized by some investigators that acetylated metabolites are little excreted 
by the dog. This may have certain relations to our preliminary observations 
that Ac-INH was metabolized in the dog-liver in a somewhat different way 
from other INH derivatives. 

a-Ketoglutaric isonicotinoylhydrazone had been found together with pyru- 
vic isonicotinoylhydrazone by Zamboni and Defranceshi (5) on the 
paper chromatogram of the urine from a rat dosed with INH and by 
Ozawa and Kiyomoto (6) on that of the plasma from a rabbit dosed 
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with INH. We have not been able to isolate a-ketoglutaric isonicotinoyl- 
hydrazone as its intact molecule because of its lability. Its formation, how- 
ever, was indirectly evidenced as described in the text. 

a-Ketoglutaric isonicotinoylhydrazone seems to be produced non-enzy- 
matically in the body administered with INH. a-Ketoglutaric acid was 
incubated with the equimolar INH both in a 10 per cent rat-liver homo- 
genate and in a phosphate buffer solution at pH 7.4. The conjugated 
product was found much more formed in the buffer solution (10 per cent) 
than in the homogenate. On the other hand, a-ketoglutaric isonicotinoyl- 
hydrazone was rapidly hydrolyzed in the homogenate, as observed by Doy, 
et al. (7), while it was very stable in the buffer. 


SUMMARY 


1. The procedure for the separative estimation of INH, INHG, and 
Ac-INH by Dowex-l chromatography and colorimetic measurement was 
described. 

2. The applications of this method to studies on the metabolism of 
INH in the isolated dog- and rabbit-liver were shown. 

3. In the perfusate of the isolated dog-liver with INH, the formation 
of a-ketoglutaric isonicotinoylhydrazone was demonstrated. 
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ACTION OF CHYMOTRYPSIN ON SYNTHETIC SUBSTRATES 


V. ACTION OF a-CHYMOTRYPSIN ON GLYCYL- 
t-AMINOACYL-L-TYROSINAMIDES* 


By TAKESHI YAMASHITA** 


(From the Laboratory of Biochemistry, Faculty of Science, 
Kyushu University, Fukuoka) 


(Received for publication, August 1, 1960) 


In the preceding papers of this series (/-4), a number of tyrosine peptide 
derivatives have been tested as substrates for a-chymotrypsin. The rate of 
susceptibility of the substrates to hydrolysis by chymotrypsin was considerably 
affected by acyl or amino acid residues near the susceptible bond. 

In the present study, glycyl-t-aminoacyl-L-tyrosinamides, in which the 
aminoacyl residues are glycyl, t-alanyl, L-norleucyl, L-valyl, and t-leucyl, 
were prepared and subjected to the action of chymotrypsin. The susceptibility 
of glycyl-L-aminoacy]-L-tyrosinamide to chymotrypsin was found to be seve- 
ralfold as high as that of the corresponding L-aminoacyl-L-tyrosinamide (J, 3). 


EXPERIMENTAL 


Enzyme and Method—The crystalline a-chymotrypsin was the same as that previously 
used (/). Enzymatic measurements were carried out at 30° in a 0.1 M@ phosphate buffer, 
pH 7.7. The methods for measuring proteinase activity have already been described (/). 


Synthesis of Peptide Derivatives 


Carbobenzoxyglycylglycyl-L-tyrosine Ethyl Ester—The mixed anhydride from carbobenzo- 
xyglycylglycine (5.3g.), isobutyl chlorocarbonate (2.6ml.) and triethylamine (2.8 ml.) in 
tetrahydrofuran (40ml.) was prepared at —5° and coupled with u-tyrosine ethyl ester 
hydrochloride (4.9g.) dissolved in chilled triethylamine (2.8ml.) and chloroform (40ml.). 
The reaction mixture was left overnight, and crystals appeared after the addition of water. 
The compound was recrystallized from ethyl acetate-ether. Yield, 7.0g. (77 per cent); 
Mle SO— 13725) WianlP =e i(Cezy ne NUE) E 

Cy4H2gO,N3 (457.5): Calcd. N 8.9 
Found N 8.8 
Carbobenzoxyglycylglycyl-L-tyrosinamide—The above ester (2.3g.) was dissolved in 20ml. 


of methanol previously saturated with dry NH; at 0°, and the solution was kept at room 
temperature for 2 days. The solution was then concentrated in vacuo to obtain crystals. 


* The present paper was read in part before the 13th Annual Meeting of the Chemi- 
cal Society of Japan (Tokyo, April, 1960). 
** Present address: Asahi Chemical Industries Co., Ltd. Technical Research Labora- 
tory, 1555, Shimura Nakadai Itabashi-ku, Tokyo. 
*** DME is used for dimethylformamide as abbreviation. 
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The product was recrystallized from hot methanol-ether. Yield, 1.7 g. (80 per cent); m.p., 
222-225"; (a2? —4.2° (c 2; in DMEF). 
C,,H,,O,N, (428.4): Caled. N 13.1 
Found Nes 


Glycylglycyl-L-tyrosinamide Hydrochloride (GlyGlyTyrAm)—The above amide (1.5g.) sus- 
pended in a mixture of methanol (10ml.), water (2ml.) and 0.5 methanolic HCl (8 ml.) 
was treated with dry hydrogen in the presence of palladium black. The suspended 
crystals dissolved gradually during the hydrogenation. The filtrate from the catalyst was 
evaporated in vacuo repeatedly, with addition of methanol. The resulting crystals were 
collected and recrystallized from hot methanol-ethyl acetate. Yield, 1.1 g. (95 per cent); 
mops, 221-273-; [ia j#--59.6> (ce 2, in water). 

C,3H;,0,N,Cl (330.8): Calcd. CH 2 etl 23,0 Nel 6)9 
Found Greasy ebay) IN| 7/0) 


L-Alanyl-L-tyrosine Ethyl Ester Hydrobromide—A 2WN solution (15ml.) of dry hydrogen 
bromide in glacial acetic acid was added to carbobenzoxy-u-alanyl-L-tyrosine ethyl ester 
(4.1g.). The mixture was heated on a water-bath until carbon dioxide evolution ceased 
(60°, 2 minutes) (5). Dry ether (50ml.) was then added and the reaction mixture was 
kept in a refrigerator (4 hours). The crystals were recrystallized from ethanol-ether. 
Yield, 3.5g. (97 per cent); m.p., 138-142°; (aJ#®+11.0° (c 2, in water). 

C,,H,,0,N2Br (361.2): Caled. C 46.6, H5.9, N7.8 
Found C 46.3, H 5.8, N 7.6 


Carbobenzoxyglycyl-L-alanyl-L-tyrosine Ethyl Ester—This compound was prepared from 
carbobenzoxyglycine and the above ester by the usual mixed anhydride method. Yield, 
80 per cent; m.p., 188-192°; [a]??—7.6° (c 2, in DMF). 

C,,H2,0,N3 (471.5): Caled. N 8.9 
Found N 8.8 

Glycyl-L-alanyl-L-tyrosinamide Hydrochloride (GlyAla Tyr Am)—Carbobenzoxyglycyl-t-alanyl- 
L-tyrosinamide was prepared from the above ester in the usual manner. Yield, 94 per cent; 
WsPe, 22975 aly —28:4 (c 27 insDMPyr). 

Cy2H.gO,N, (442.5): Caled. N 12.7 
Found N 12.6 
Hydrogenolysis gave the required product. Yield, 89 per cent; m.p., 245-246°; Ca]} 
—37.8° (c 2, in water). 
C,4H.,0,N,Cl (344.8): Calcd. C 48.8, H6.1, N 16.3 
Found C 48.7, H6.3, N 16.2 
Glycyl-L-norleucyl-L-tyrosinamide Hydrochloride (GlyNleuTyrAm)—Carbobenzoxy-t-norleucyl- 


L-tyrosine ethyl ester, which was previously reported as an oil (/) was obtained in a cry- 
stalline state. Yield, 77 per cent; m.p., 113-115°; [a] —4.5° (c 2, in DMF). 


Cy;H320,Ne (456.5): Calcd. N6.1 
Found N 6.2 


After decarbobenzoxylation of the ester, an oily compound was obtained. It condensed 
with carbobenzoxyglycine to yield carbobenzoxyglycyl-t-norleucyl-L-tyrosine ethyl ester. 
Total yield, 45 per cent; m.p., 165-169°; [a]? —4.7° (c 2, in DMEF). 


Gy H,-O7N; (613.6). ‘Caled: N 8.2 
Found N 8.1 
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The ester was converted to the amide. Yield, 80 per cent; m.p., 185-188°; Ca]? —26.4° 
(Chine DME): 
C,;H3,0,N, (484.5): Caled. N 11.6 
Found N 11.4 
Hydrogenolysis in methanolic HCl gave the required product. Yield, 97 per cent; m.p., 
234-236° ; [a2 —28.4° (c 2, in water). 
C,,H2;,0,N,Cl (386.9): Calcd. Caos Ee 7 ONeN 1429 
Found C 52.5, H7.1, N 14.4 
Glycyl-L-valyl-L-tyrosinamide Hydrochloride (GlyValTyrAm)—Decarbobenzoxylation from 
carbobenzoxy-.-valyl-L-tyrosine ethyl ester (7) gave u-valyl-L-tyrosine ethyl ester hydrobro- 
mide in an oily state, which condensed with carbobenzoxyglycine to yield carbobenzo- 
xyglycyl-u-valyl-t-tyrosine ethyl ester. Total yield, 65 per cent; m.p., 120-124°; La]? 
—0.5° (c 2, in DMF). 
C.,H3;30,N,3 (499.6): Calcd. N 8.4 
Found N 8.5 
The ester was converted to the amide in the usual manner. Yield, 85 per cent; m.p., 
187-195°; [a]?@ —22.5° (c 2, in DMF). 
C,H g9OgNy (470.5): Caled. N 11.9 
Found N 11.8 
Hydrogenolysis in methanolic HCl gave the required product. Yield, 94 per cent; m.p., 
244—-245°; [a] —28.6° (c 2, in water). 
C,.H:,;0;N,Cl (372.9): Calcd. C 51.5, H6.8, N 15.0 
Found Grol? wht O.G.m Nios! 
Glycyl-z-leucyl-L-tyrosinamide Hydrochloride (GlyLeuT:yrAm)—Decarbobenzoxylation from 
carbobenzoxy-.-leucyl-L-tyrosine ethyl ester and the coupling reaction with carbobenzoxy- 
glycine gave carbobenzoxyglycyl-t-leucyl-L-tyrosine ethyl ester in the same manner as 
above. Total yield, 52 per cent; m.p., 135-136°; [a]?? —12.2° (c 2, in DMF). 
C,,H3,0,N3 (513.6): Calcd. N 8.2 
Found N 8.1 
The ester was converted to the amide. Yield, 85 per cent; m.p., 197-198°; [a]% —32.4° 
(c 2, in DMF). 
Cy,H32,0,.N, (484.5): Caled. N 11.6 
Found N 11.4 
Hydrogenolysis in methanolic HCl gave the required product. Yield, 96 per cent; m.p., 
235-236° ; [a]? —37.6° (c 2, in water). 
C,,H2,0O,N,Cl (386.9): Caled. C52. 8 ere ONG ae 
Found CORY Aon s ye e- 


RESULTS AND DISCUSSION 


pH Activity Curves—The pH activity curves for chymotryptic action on 
glycyl-L-aminoacyl-L-tyrosinamides (aminoacyl: glycine, L-alanine, L-valine 
and t-leucine) are shown in Fig. 1. These results are similar to those ob- 
tained from acetylglycyl-L-tyrosylglycylglycine and acetylglycyl-L-tyrosinamide 
(4), but not to that form glycyl-L-tyrosinamide (/). For the purpose of 
comparing the susceptibility of glycyl-L-aminoacyl-t-tyrosinamides to the 
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enzyme, an average optimum pH of the reaction (pH 7.7) was used. 
Proteolytic Coefficients of the Substrates and the Reaction Kinetics in Their Hydro- 
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Fic. 1. The pH dependence of the hydrolyses of 
glycyl-L-aminoacyl-t-tyrosinamides (0.01 M) by a-chymotry- 
psin at 30° in 0.1 M phosphate buffer. 


TABLE I 
Example of Hydrolysis of GlyLeuTyrAm by Chymotrypsin 


pH 7.7 (0.1M phosphate buffer); temperature, 
30°; enzyme concentration, 0.00147 mg. of a-chymo- 
trypsin N per ml. 


Substrate Time Hydrolysis Proteolytic 


concentration (minute) (per cent) coefficient, C 

001M 19.3 “4 14.2 2.35 
| S00 |) Ded 2.37 

40.8 28.0 2.38 

5.3 S24. Meghs) 

60.8 37.8 Za 

(PBS 42.5 2.26 

83.6 | 46.6 Dads 

94.8 | 50.8 Dene 

105.8 55.0 223 

0.02 M 19) 10.4 1.70 
30.8 | 16.2 1.70 

40.6 ZA2 1.74 

50.8 25.0 1.68 

60.8 IBS 1.70 

WAS: 34.1 1.70 

83.6 38.1 1.70 

94.9 41.7 1.68 

105.4 45.0 1.68 
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lyses—For increasing insolubility of glycyl-t-aminoacyl-L-tyrosinamides as 
compared with L-aminoacyl-L-tyrosinamides (/), they were tested at 0.025- 
0.005 M initial substrate concentrations. Representative data for the hydro- 
lysis glycyl-t-leucyl-L-tyrosinamide are shown in Table I by way of example. 


Tas_eE II 
Proteolytic Coefficients of Aminoacyl-L-tyrosinamides in 


Various Initial Substrate Concentrations 


pH 7.7 (0.1 M phosphate buffer); temperature, 30°. 


Proteolytic coefficient, C 
Substrate 
0.025M | 0.020M | 0.015M | 0.010M@ | 0.0051 
GlyGlyTyrAm 0.100 0.108 0.117 0.128 0.143 
GlyAlaTyrAm 0.495 0.515 0.540 0.563 0.595 
GlyNleuTyrAm D) a) 2.02 2.36 2.80 
GlyValTyrAm Hedi 1.24 1.42 1.66 1.98 
GlyLeuTyrAm 198 1.70 OT Mh) 2.69 


a) The measurement could not be made bacause of its insolubility. 


150 


0 0.005 0.010 0.015 


N per ml. (GlyGlyTyrAm). 


OGlyVal Tyr Am 


GlyGlyTyrAm 


GlyAlaTyrAm 


0.020 0025 (mM) 
Cs] 

Fic. 2. Plots of intial substrate concentration [S] divided by 
initial velocity Vj versus (S] in the hydrolyses of substrates at pH 
7.7 and 30°. The enzyme concentrations were 0.00147 mg. (Gly- 
LeuTyrAm), 0.00148mg. (GlyNleuTyrAm), 0.00241mg. (GlyVal- 
TyrAm), 0.00735 mg. (GlyAlaTyrAm), and 0.03014 mg. chymotrypsin 
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TABLE III 


Kinetic Constant in the Hydrolyses 
pH 7.7 (0.1.M phosphate buffer); temperature, 30°. 


Substrate Kn(a) ea Cece | Cmax.” | Substrate? | Km(M)| ky® |Cmex, 
GlyGlyTyrAm | 0.041 | 0.015, 0.16 || 7.0 | GlytyrAm 0.15 0.0078 0.023 
GlyAlaTyrAm | 0.095 | 0.15 | 0.62 | 7.6 || AlaTyrAm 0.18 0.034 | 0.083 
GlyNleuTyrAm 0.021 | 0.17, ate ge Nec ry cam 0.043 0.051 0.52 
GlyValTyrAm | 0.021 | 0.12) 2.5 | 7.3. || vattyrAm 0.23 0.18 | 0.34 
GlyLeuTyrAm 0.021 | OL") *3.3 | oes LeuTyrAm 0.012 0.017 | 0.62 


a) In M/liter/minute/mg. chymotrypin N/ml. 


b) Cmax, of glycyl-L-aminoacyl-L-tyrosinamide/Cmax, of L-aminoacyl-L-tyrosinamide. 
c) The data are from Izumiya and Yamashita (J, 3) 


Tas_e IV 
Ry Values of Reference Compounds 


The compounds were chromatographed on Toyo Roshi No. 
50 paper. The ascending technique was applied. 


| Ry 
Compounds®™ =—— - = -— — 

BAPW-A» BAPW-B®| BAW® LW 
GlyGlyTyrAm 0.47 0.32 0.24 0.62 
GlyGlyTyr 0.40 0.30 0.37 0.36 
GlyAlaTyrAm 0.48 | 0.34 0.30 0.65 
GlyAlaTyr 190.43" © | 0.81 0.38 0.40 
GlyNleuTyrAm |___ 0.71 0.64 0.53 0.68 
GlyNleuTyr 0.64 0.59 0.65 0.60 
GlyValTyrAm 0.58 0.52 0.43 | 0.67 
GlyValTyr 0.52 0.47 0.53 | 0.60 
GlyLeuTyrAm 0.72 0.65 0.56 0.76 
GlyLeuTyr 0.63 0.62 0.66 0.60 


a) The synthesis of glycyl-L-aminoacyl-t-tyrosines has 
been described in a previous report from this laboratory (5). 

b) Solvent system n-butanol: acetic acid: pyridine: 
water (30: 6: 20: 24 v/v). 

c) n-butanol: acetic acid: pyridine: water (4: 1: 1: 2 
v/v). 

d) n-butanol: acetic acid: water (4: 1: 2 v/v) 

e) lutidine: water (4: 1: v/v). 
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It was observed that the hydrolyses of this substrate and of others approxi- 
mately followed first order kinetics. A summary of all proteolytic coefficients 
cetermined is given in Table Hl. Ku, ks, and Cmax, were calculated by the 
plotting method of Lineweaver and Burk (J). Plots for the hydrolyses 
of the substrates are shown in Fig. 2. The kinetic constant calculated from 
the plots and those obtained previously in the hydrolyses of the correspon- 
ding substrates (/, 3) are shown together in Table III. 

The Cmax, values for glycyl-L-aminoacy-L-tyrosinamides were higher than 
those for the corresponding L-aminoacyl-L-tyrosinamides (Table III). How- 
ever, the order of susceptibility of the L-aminoacyl-L-tyrosinamides remained 
unchanged in spite of the combination of glycine therewith, even though 
the Cmax, values were increased by this treatment. The increasing values 
of Cmax, are due to the decreasing values of Km or the increasing values 
of ks, or both. 

Paper Chromatography of Reaction Mixture—In addition to the foregoing 
measurements, the reaction mixture was tested by paper chromatography 
and gave two spots, indicating simple hydrolysis of the substrate. The R; 
values of the reference compounds are given in Table IV. ' 


SUMMARY 


1. A number of glycyl-L-aminoacyl-L-tyrosinamides were synthesized 
and tested as substrates for a-chmotrypsin. 

2. The pH optimum for chymotrypsin activity of the substrates were 
found to be near 7.7. 

3. The susceptibility of glycyl-L-aminoacyl-L-tyrosinamides to hydrolysis 
by chymotrypsin was six to seven times as high as that of the correspond- 
ing L-aminoacyl-L-tyrosinamides. 


The auther is grateful to Prof. S. Shibuya and Associate Prof. N. Izumiya for 
their guidance and encouragement, and to Mr. W. Himel for reading the manuscript. 
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STUDIES ON AN IN VITRO CATALASE INHIBITOR 
FROM SILKWORM BLOOD 


I. OBSERVATIONS ON THE INHIBITORY ACTION 


By TADAKAZ OHOKA 


(From the Department of Biology, Faculty of Science, Tokyo 
Metropolitan University, Tokyo) 


(Received for publication, August 13, 1960) 


It has been reported by Deutsch and Gustafson that the lysate of 
sea-urchin eggs contains a thermostable; dialyzable factor which inhibits in 
vitro the catalatic activity of the same material. Hargreaves and Deu- 
tsch (2) and Seabra and Deutsch (3) described an inhibition of cata- 
lase by boiled aqueous extracts of rat tumor tissue and liver. 

During the course of studies on the enzymic activities of silkworm 
blood, the present author has found that the catalatic activity of blood 
plasma of silkworm larvae significantly increases when it is diluted. It was 
also discovered that the boiled extract of silkworm blood is capable of in- 
hibiting catalatic activity in vitro. The low level of catalatic activity found 
in silkworm blood plasma is thus explained to be due to the inhibitory ac- 
tion of a heat-stable natural inhibitor contained in the blood plasma of 
silkworm. The present paper deals mainly with the detailed study of this 
inhibitor, 


EXPERIMENTALS 


Various races of bivoltine Bombyx silkworm were used as materials. Blood was collected 
from the 5th instar larvae (6~8th days after the 4th moulting) in an ice-cold centrifuge 
tube, and after centrifugation at 2,000xg for 10 minutes in the cold, the clear supernatant 
was used as enzyme source. 

The extract of boiled blood plasma (abbreviated as BE) was prepared as follows: 
Blood plasma was boiled for 5 minutes at 100°, filtered after cooling through coarse gauze, 
the filtrate was centrifuged for 5 minutes at 3,000 r.p.m., and the clear supernatant was 
used. 

Crystalline catalase was prepared from frozen cow liver by the method of Tauber 
and Petit (4) and Tauber (5). After repeated recrystallization, a preparation with a 
Kat. f. value of 40,500 was obtained. The enzyme stock solution (1 mg. catalase per ml. 
4x 10-3 M phosphate, pH 7.4) was diluted immediately before use. 

Determination of catalase activity was carried out at room temperature as usual by 
the method of Bonnichsen, Chance and Theorell (6), the hydrogen peroxide 
remaining in the reaction mixture being estimated either iodometrically (7) or colorimetri- 
cally (8, 9). In the latter case, color intensity developed by adding titanium sulfate was 
read in a Leitz photometer, using a violet filter, Amax. = 415 my. In most experiments, 
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silkworm blood plasma was used as enzyme source. In this case, the values obtained for 
catalatic activity were always corrected for the amount of non-enzymatically decomposed 
hydrogen peroxide, since it had been found that some portion of the added hydrogen 
peroxide was invariably decomposed even in the presence of 10°? M sodium azide (cf. 
Fig. 1), which is known to be sufficient to stop the catalase reaction. 

Reaction constant (k,) was calculated from the readings at t=0 and t=30 seconds, 
assuming a first order reaction of the decomposition of hydrogen peroxide. Specific acti- 
vity was calculated as the product of the reaction constant k,; with the dilution number 


of the blood plasma. 
RESULTS 


Catalase Activity of Silkworm Blood Plasma—It was first noticed that, if the 
blood plasma had been diluted, it always showed higher specific activity 
than non-diluted blood plasma. Fig. 1 shows the relationship between di- 
lution and specific activity. 


LOG (H,0) 'N MOLE X102 


So ou 


201 X (UO!EN|IP Jo BO460p) x ly 


) 30 60 ° 30 60 
REACTION TIME (seconds) 


Fic. 1. Decomposition of hydrogen peroxide and _ specific 
activities of non-diluted (A) and diluted (B) blood plasma. 

0.2ml. blood plasma was added at zero time to 1.5 ml. substrate 
solution (0.017 M H,O,, 0.053 M phosphate buffer, pH 6.8). The 
reaction stopped by adding 2 ml. 50% trichloracetic acid and 10 ml. 
2N H,SO, containing Ti,(SO,)3. 

In experiment B, blood plasma was pre-diluted 5 times with 
distilled water, 30 minutes prior to assay. 

Upper lines (—x—) represent the amount of H,O, in the 
presence of 1.33107? M NaN;. Solid circles represent specific 
activity. 


It should also be noted that the time course of the catalase reaction 
was subject to slight modification according to the grade of dilution of 
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blood plasma used (Fig. 2). Although there was, in both cases (A and B, 
Fig. 1), some slight shift in values of reaction constants during the reaction 
time, the k-values were computed from the readings of substrate concentra- 
tions at t=0 and t=30 seconds. 


ine) 


_ k, x (degree of dilution) x10? 


0.1 0.2 Or 0.4 0.5 
CONCENTRATION OF BLOOD PLASMA 

Fic. 2. Effect of dilution of blood plasma 
on its catalatic activity. 

Blood plasma diluted with distilled water at 
0°. O.5ml. of diluted plasma was mixed with 
1.5ml. substrate (0.013 4 H,O,, 0.053 M phos- 
phate, pH 6.8) at room temperature (25°). After 
30 seconds the reaction was stopped by 2ml. 50% 
trichloracetic acid and 6ml. 10% H,SO,, and 
filtered. H,O, was determined by iodometry. 


As shown in Fig. 2, the activity increased markedly with decrease in 
the concentration of blood plasma, suggesting the presence of an inhibitor 
which combines reversibly with the catalase, to dissociate from it on dilu- 
tion. 

The Inhibitory Effect of Blood Plasma and Boiled Extract on Catalatic Activity— 
The inhibitory effect of blood plasma was further investigated by adding 
it to the homogenate of silkworm integument (Fig. 3). 

As shown in the figure, the catalatic activity of the mixture, at the 
beginning of incubation, equalled the sum of the activities of blood plasma 
and homogenate. This activity, however, gradually decreased with incuba- 
tion time (Curve A) and approached the activity level of blood plasma 
itself (Curve D). The activity of the homogenate alone remained almost 
unchanged during incubation (Curve C). These results clearly show that 
the inhibitor in question requires preincubation to manifest its effect. 

The inhibitor is thermostable and dialyzable. The boiled extract of 
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blood plasma (BE in the figure) retained the inhibitory activity of the 
original blood plasma (Curve B), but this activity was completely lost after 
twenty-four hours’ dialysis against distilled water. 

The catalatic activity of mouse liver homogenate and that of crystalline 
catalase were similarly affected when they were incubated with BE. Fig. 4 
shows a marked temperature dependence of inactivation. Further detailed 
studies on this point will be described later. 


0) | 2 3 4 


INCUBATION TIME ( hours ) 
Fic. 3. Effect of blood plasma and 
its boiled extract (BE) on catalatic acti- 
vity of integument homogenate. 
The homogenate was prepared by 
homogenizing 125mg. of silkworm inte- 


INCUBATION TIME ( hours) 


Fic. 4. Effect of BE on mouse liver 
catalase. 200mg. mouse liver was homo- 
genized with Sml. 0.01 M4 phosphate 
buffer, pH 6.8, and diluted to 50 ml. 
with the same buffer. 5 ml. homogenate 


gument with 5ml. distilled water. 
Incubation at 0°. 


was incubated with 1 ml. BE. In control 
experiment, BE was replaced with dis- 
tilled water and incubated at 0°. Other 
conditions same as in Fig. 2. 


Assay method 
same as in Fig. 2. 


Curve A: 4ml. homogenate+1 ml. 
blood plasma. 


Curve B: “h +1ml. BE. 
Curve C: >»,  +1ml. distilled 
water. 


Curve D: 4ml. distilled water 
+1 ml. blood plasma. 


Effect of Inhibitor Concentration—Similar experiments were carried out with 
crystalline catalase and BE. Fig. 5 shows the effect of concentration of BE 
on the catalatic activity. 

In this figure, per cent inhibition is plotted against the logarithms of 
BE concentration, taking the original concentration of BE as unity. The 
figure indicates that the BE concentration corresponding to 50 per cent in- 
hibition was about 0.17, which means that more than 90 per cent of cata- 
lase in the original blood plasma had possibly been inactivated. 
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PER CENT INHIBITION 
a 
°o 


O BE CONCENTRATION 
A 2 4 8 


-1.5 -1 -0,5 ° 
LOG COCENTRATION OF BE 


Fic. 5. Inhibition and concentration of BE. In- 
cubation mixture consisted of: 1.0 ug./ml. catalase, 
0.013 M@ phosphate buffer, pH 6.8, and BE, total 
2.5 ml., was incubated at 0° for 1 hour. The assay 
methods same as in Fig. 2. 


Let the reversible reaction between catalase (E) and its inhibitor (I) be 
represented as 


pet aea Nd ee TEN ae he ec id a5 5 Ss ide evae cs oh aoa (1), 


where EI, means the inactive complex and n the number of inhibitor 
molecules which combine with one enzyme molecule. Then the per cent 
inhibition (H) will be given by the following formula (10): 


era Tas Scrooge AM a Byer (1) 

~ Ca) 

where [I] and ®%, represent inhibitor concentration in the reaction mixture 
and the inhibitor concentration at 50 per cent inhibition, respectively. The 
dotted line in the figure was obtained from the equation, assuming 2;=0.17 
and n=2. 

Effect of Enzyme Concentration on Inhibition—Fig. 6 shows the effect of enzyme 
concentration on the inhibition. A definite amount of BE was incubated 
with various amounts of crystalline liver catalase. It can easily be seen 
from the figure that the per cent inhibition was practically independent of 
the enzyme concentration, thus indicating a reversible combination of the 
inhibitor with the enzyme. This is also in accord with the finding of 
Hargreaves and Deutsch (2) that the catalase inhibiting action of 
Jensen sarcoma is reversible and requires preincubation with the enzyme. 

Effect of Temperature on the Action of Inhibitor—The effect of temperature 
on the self-inhibition of silkworm plasma inhibitor on its catalase is shown 
in Fig. 7. After dilution with four volumes of distilled water and incubation 
at 20°, the catalase activity was about three times that of non-diluted blood 
plasma, while it increased only 1.5-2 times when the same treatment was 
made at 0° (Fig. 7). (In both cases, the assay of activity was carried out 
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at room temperature). This fact suggests that high temperature favours the 
dissociation of catalase-inhibitor complex. Similar phenomena were also ob- 
served in connection with the catalase activity of non-diluted blood plasma 


ky x 103 


0.25 0.50 0.75 1.0 
CATALASE ( ug/ml.) 

Fic. 6. Effect of enzyme concentration on inhi- 
bition of crystalline liver catalase. Various amounts 
of catalase were preincubated with BE at 25° for | 
hour. Other conditions same as in Fig. 2. 

—O—: Control without BE. 

—@—: BE concentration=0.2 

—A—: BE concentration=0.4 
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Fic. 7. Effect of temperature on Fic. 8. Effect of temperature on 


catalatic activity of blood plasma after 
dilution. Blood plasma was diluted to 
1/5 with distilled water and incubated 


at 0° or at 20°. Assay method same as 
in Big: 22 


catalatic activity of blood plasma. Blood 
plasma was first incubated at 0° for 1 
hour and then temperature was altered 
as shown in the figure. Catalatic activity 
was measured at room temperature (25°). 
Assay method same as in Fig. 1. 
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in the following experiments. Blood plasma was first preincubated at 0° 
for 1 hour, and then transferred to 37°. The change in catalase activity 
was followed, the enzyme assay (at room temperature; 25°) being made 
with aliquots of enzyme material taken at intervals (Fig. 8, Curve A). As 
will be seen from this curve, the activity increased immediately with the 
rise of temperature from 0° to 37°. When a portion of the heated enzyme 
was subjected to cooling (0°), as indicated by the arrows in the figure, the 
activity decreased gradually and regained the initial level after about 1 hour 
(Curves B and A’). The change of catalase activity could thus be reversed 
by raising and lowering the temperature. 

The effects of temperature on the dissociation and association of catalase 
and inhibitor were also observed in experiments with partially purified in- 
hibitor of silkworm blood plasma* and crystalline liver catalase (Fig. 9). 


0 30 60 90 
INCUBATION TIME (minutes) 


Fic. 9. Effect of temperature on the reaction 
between partially purified silkworm plasma inhi- 
bitor* and crystalline liver catalase. 

The mixture containing catalase (8 yg./ml.), 
partially purified inhibitor (8 units/ml.)*, 5x 1074 
M KNO, and 0.027 M phosphate buffer, pH 6.8, 
was incubated at 0° for 1 hour, during which 
catalase activity decreased to about 10 per cent 
of the initial level. Then temperature was altered 
as shown in the figure. 


Effect of Hydrogen Ion Concentration on Inhibition—Blood plasma was diluted 
with four volumes of phosphate buffer of various pH and incubated at room 
temperature. The catalase activity was assayed after adjusting the pH of 
the incubation mixture to 6.6~7.0. As shown in Fig. 10, A, the activity of 
blood plasma diluted with buffer of pH 8.0 was more than ten-fold that of 
non-diluted blood plasma, while it was only three-fold at pH 5.6. 

Fig. 10, B. shows the effect of pH on the inhibitory activity of BE on 
crystalline liver catalase. The inhibition was less marked in alkaline buffer 
solutions. It seems that the dissociation of the enzyme-inhibitor complex 


* The purification method of the inhibitor will be described in part II of this paper 
Gi). 
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is more extensive in alkaline than in acid media. 


00 


on 
PER CENT ACTIVITY 


© 
on 


kx (degree of dilution ) x 10? 
5 


O 30 60 
TIME (minutes ) TIME ( minutes ) 

Fic. 10. Effect of pH on catalatic activity of blood plasma (A) 
and on inhibition of crystalline liver catalase by BE (B). 

In experiment A, blood plasma was diluted to 1/5 with 0.067 
phosphate buffer or distilled water, and incubated at room temperature 
(25%). 

In experiment B, the incubation mixture contained: 4 ywg./ml. 
crystalline cow liver catalase, 0.027 M phosphate buffer, and 0.5 ml. 
BE, total 2.5ml. Incubation at 0°. 

Assay of the activity was carried out in the pH range of 6.6~7.0. 
Other conditions same as in Fig. 1. 


DISCUSSION 


Judging from the data presented above, there is no doubt that blood 
plasma of silkworm larvae contains a substance which inhibits catalatic 
activity of its blood zm vitro. It was also indicated that in blood plasma, a 
major part of catalase forms an inactive complex with the inhibitor and 
that, on dilution of the blood, this complex dissociates, to give an active 
enzyme. Alkaline medium and high temperatare promote the dissociation. 
The reversibility of the reaction between catalase and inhibitor could be 
clearly demonstrated by the above-described results of dilution experiments 
CESS 2D tality dyes 

According to Hargreaves and Deutsch (2), the malignant tissue 
homogenate did not exhibit an anticatalase action unless the extract had been 
boiled for several minutes. They suggested that in fresh tissue homogenate 
all the inhibitor exists in a bound form. In blood plasma of silkworm, on 
the contrary, a certain portion of the inhibitor is apparently in a free state, 
since the addition of non-treated blood plasma readily exhibits inhibition of 
various catalases. 

There are, however, some similarities between the inhibitor of silkworm 
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blood plasma and that of tumor tissue, with respect to their inhibiting 
action. Both substances inhibit catalase in vitro and are heat-stable and 
dialyzable. In both cases, inhibition is reversible, though preincubation is 
required to give full inhibitory action. A certain difference between the two 
inhibitors is found with respect to the effect of temperature. Hargreaves 
and Deutsch (2) have described that temperature had little effect on the 
inhibition of crystalline catalase with boiled extract of tumor tissue, while 
temperature had a significant effect toward the inhibition of liver homo- 
genate catalase with the same inhibitor. 

In the present work, on the other hand, the inhibition of catalase by 
silkworm blood plasma was found to be remarkably influenced by tempera- 
ture, whether crystalline catalase or liver homogenate was used as enzyme 
source. 

An attempt to isolate the active principle (or principles) of the inhibitor 
in question is being carried out. 


SUMMARY 


1. Catalase activity of blood plasma of silkworm has been studied. 
Blood plasma contains a catalase inhibitor, and the major part of silkworm 
blood catalase exists in an inactive form. 

2. ‘The inhibitor is heat-stable and dialyzable, and suppresses catalatic 
activity zim vitro. 

3. The inactive complex of catalase and inhibitor dissociates on simple 
dilution, and the dissociation is favoured by alkaline medium and _ higher 
temperatures. 


The author wishes to express his thanks to Dr. Y. Tazima, National Institute of 
Genetics, Mishima, for his kind supply of silkworms during the course of this study. 
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PEROXIDASE ACTIVITY OF HEMOPROTEINS 
Il. METMYOGLOBIN AND CYTOCHROME C 
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MIWAKO TOHJO anp KAZUO SHIBATA 


(From the Tokugawa Institute for Biological Research, Tokyo,* and 
the Laboratory of Biological Chemistry, 
Tokyo Institute of Technology, Tokyo) 


(Recevied for publication, September 5, 1960) 


The peroxidase activity of common peroxidases such as horseradish 
peroxidase (abbreviated to HRP) or lacto peroxidase is much higher than 
that of other hemoproteins, despite the similarity or identity of their pros- 
thetic groups. A marked activation by acid or alkali denaturation of 
hemiglobin (methemoglobin) and catalase of the less active group of hemo- 
proteins was described in a previous paper (/), which also includes a review 
of the literature on the subject of activation. It was clarified in the study 
that the half-size subunit of hemiglobin and the 1/3-size subunit of catalase 
formed by the denaturation are responsible for the activities generated. The 
degree of activation observed in the dissociation of hemiglobin with acid 
was more than five hundred times in termes of k, (rate constant for the 
reaction with hydrogen donor), and the k, value for the half-size subunit 
at the optimum pH 4.8 was as high as one quater the value for HRP, 
although the k, value (rate constant for the reaction with H,O,) was con- 
siderably smaller. 

In connection with this previous finding, of special interest is a com- 
parative study, under the same experimental conditions, of various other 
hemoproteins, particularly of those having properties or structures similar to 
those of common peroxidases or the subunits of hemiglobin. The present 
paper deals with the k,; and k, values and their pH dependency for met- 
myoglobin and cytochrome c which were measured with leuco malachite 
green (abbreviated to LMG), the same hydrogen donor as used in the pre- 
vious study. In parallel with the measurements, the sedimentation coeffici- 
ents and absorption spectra of these hemoproteins were observed to see if 
the molecular shape or size and the prosthetic heme group are changed 
appreciably at the optimum pH for the activities. The significance of the 
results obtained is discussed herewith in comparison with the activities of 
these hemoproteins observed previously by Paul and Avi-Dor (2) and 
George and Irvine (3-6) with different hydrogen donors as well as the 
activities of HRP and other hemoproteins. 


* mailing address. 
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EXPERIMENTAL 


Materials—Metmyoglobin crystals were obtained from horse heart by the method of 
Tsushima (7). A small amount of oxymyoglobin mixed with the crystals was oxidized 
to its ferri-form by the same procedure as described in the previous paper (/). Crystalline 
cytochrome c of bovine heart prepared by the method of Hagihara etal. (8) was kindly 
supplied from the laboratory of Sankyo Seiyaku Co. The molar concentrations, (MMb) 
and (Cyt) of metmyoglobin and cytochrome c were determined spectroscopically, assuming 
the molar extinction coefficients (<) of 9.8x10® at 500my and 3.7103 at 630 my for 
metmyoglobin (9) and of 9.0x 103 at 550my for cytochrome c (0). 

Activity measurement—Sample hemoprotein solutions of a given pH between 1.5 and 7.5 
were prepared by diluting a concentrated solution of metmyoglobin or cytochrome c with 
0.5 molar Na,HPO,-KH,PO, or KH,PO,-HCl buffer. In the measurement of activity, a 
HO, solution (1 ml.) was added into the mixture of a sample hemoprotein solution (10 ml.) 
and a LMG solution (1 ml.). The concentration of the buffers in the reaction mixture 
was 2/13M. The change of transmittance at 620my of the reaction mixture due to the 
formation of malachite green was recorded against time at room temperature, 17-19° 
with a Hokushin recorder equipped with a Hitachi Spectrophotometer, Model EPU-2A. 
The development of color started after a certain period of induction, and the highest rate 
obtained immediately after the induction was regarded as the activity or the rate at the 
initial concentrations of H,O, and LMG. With aid of the ¢ value, 7.9104 of malachite 
green at 620my (2), the rate thus measured in absorbance units was reduced to the 
value, V in moles of malachite green formed per liter sec., from which the value of k, 
or k, was calculated by equation (1) or (2), depending on the rate-determining step of 
reaction (17, 72); 


_ Md (1) 


Bee VES 

(HP)(LMG) 

where parentheses indicate molar concentration and (HP) stands for the concentration of 
hemoprotein; i.e. (MMb) or (Cyt). 

Sedimentation coe ffcient—Sedimentation coefficients (Sw, 29 in water at 20°) were observed 
in a Spinco Ultracentrifuge, Model E at 59,780 r.p.m. The buffers and their concentra- 
tions used for preparation of the samples were the same as those in the activity measure- 
ments. The partial specific volume assumed in the calculation of Sw,.) was 0.741 for 
metmyoglobin (73) and 0.707 for cytochrome c (/#). 


(2) 


RESULTS 
1. Metmyoglobin 


The relative changes of activity with pH in terms of both k, and 
k, are shown by curves A and B in Fig. 1, respectively, where the 
highest activities on these curves are taken as unity. The experimental 
conditions in these measurements were (MMb)=3.23 x 107°, (H,O2)=3.07 x 107° 
and (LMG)=1.45x10-° M@ for curve A, and (MMb)=1.08x10-®, (H;O0.)= 
6.40 10-4 and (LMG)=2.89 x 10-® M4 for curve B, in which the former is a 
condition to obtain proportionality between V and (H,O;) and the latter 
for that between V and (LMG). The optimum pH observed on curves A 
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and B was 4.9 and 5.1, respectively, both being close to the optimum pH, 
4.8 for the k, value of the half-size subunit of hemiglobin. 


(lr 


1.0 


° 
Ce) 


° 
ao) 


0.4 


RELATIVE ACTIVITY 


0.2 


Fic. 1. Metmyoglobin 
Curve A: k,, curve B: k,, and curve C: absorbance (E) 
at 410 mp. 


The Soret band of metmyoglobin, which was located at 410 my for the 
neutral solution, was greatly lowered on acidifying the solution and was 
transformed into a flat band between 360 and 390my. The absorbance 
change at 410 my with pH is shown by curve C in Fig. 1, which indicates 
an abrupt drop below pH 5.0 of the absorbance value changing in parallel 
with the activity curves. The similar close parallelism between absorbance 
and activity was observed in the same pH range for the half-size subunit 
of hemiglobin. For the same reason as described in the previous paper (J) 
based on the results obtained by Maehly (J5-/8) and O’ Hagan (J9), 
the parallelism observed for metmyoglobin bears evidence that the drop of 
k, and k, below pH 5.0 is due to the dissociation of the heme group from 
the apoprotein. 

The Sy,20 value of metmyoglobin was observed between pH 4.0 and 7.0 
and the result is listed in Table I. The coefficient showed practically no 
variation in the pH range, and agreed with the value, 2.04 S obtained by 
Polson (20), It is, therefore, evident that the activities of both k, and k, 
at their optimum pH are those of the native molecule of metmyoglobin. 
This result contrasts with the phenomenon observed for hemiglobin that the 
activation was effected by dissociation of the molecule into subunits. 

The absolute values of k, and k, were determined at their optimum 
pH under the same experimental conditions as described above, but with 
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varied concentration of H,O, in the range below 3.07X10-° M for the mea- 
surement of k; and with varied concentration of LMG below 2.89 107° M 


Taare | 
Sedimentation Coefficients of Metmyoglobin and Cytochrome c 
at Neutral and Acidic pH 


Sample pH Sw 29 X 1013 

Metmyoglobin 7.0 2.10 
6.4 2.14 

4.8 2.14 

4.0 DS) 

Cytochrome c 7.0 1292 
| 3.6 1.88 

DG) 1.85 


for k,. The values obtained were k,j=(2.5+0.7) x 10? M"'sec.-! and k,=(1.1+ 
0.3) x 10¢ M-'sec.-!. The k, value is much larger than the k, value, although 
it is less than the ky, value for HRP as compared more precisely later. 


2. Cytochrome c 


The pH dependencies of k, and k, for cytochrome c are shown 
by curves A and B in Fig. 2, respectively, in relative units simi- 


RELATIVE ACTIVITY 
° ° 
3S o) 


0.2 


Fic. 2. Cytochrome c. 
Curve A: k,, curve B: k,, and curve C: absorbance(E) at 410my. 


larly as before. The experimental conditions were (Cyt)=7.69 x 10-7, (H2O2) 
=6.40x10-* and (LMG)=2.40x10-> M for curve A, and (Cyt)=1.92 «107%, 
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(H,O,)=6.65 x 10-2? and (LMG)=5.05x10-§ M for curve B. With LMG as 
the substrate, we were unable to measure the k; value above pH 4.6, owing 
to the low value of k, together with the low solubility of LMG decreasing 
with the increase of pH. The curves for k,; and k, shown in Fig. 2 are 
considerably shifted toward lower pH as compared with those observed for 
metmyoglobin, and their optimum pH was 3.4 for k, and 4.2-4.4 for ky. 
The difference in shape and location between curves A and B in Fig. 2 
seems to indicate a rather complex process of activation and deactivation 
of cytochrome c by the action of acid. 

The measurements of Sy,29 gave us the value, 1.92 S for the neutral 
solution, being in agreement with the value, 1.91 S for the oxidized form 
of cytochrome c observed by Nozaki (2J), and showed only a slight trend 
of decreasing on adding acid (see Table I). Hence, the activities in both k, 
and k, observed at the optimum pH are those of the native molecule, al- 
though the molecule may be slightly modified or unfoled if the small de- 
crease of Sw,90 is significant. In other words, the activation and deactivation 
of cytochrome c with acid is not caused by the splitting of the molecule, 
and seems to be due to the change of the radicals and heme group which 
could be accompanied by a slight change of the molecular shape. 

The Soret band of a neutral solution of cytochrome c showed its ma- 
ximum absorption at 410my. On acidifying the solution, the band was 
transformed into a band at 401 my with nearly the same height, and the 
transformation proceeded to completion near pH 2.0. The apparent absorp- 
tion maximum of a composite of these bands observed in the intermediate 
stage of transformation was 409, 408 and 403my at pH 4.3, 3.4 and 2.6, 
respectively, and the change of absorbance at 410 my with pH is shown by 
curve C in Fig. 2. The drop of k, below pH 3.4 may be ascribed to the 
change of the stage of heme group shown by the transformation of band, 
since the absorbance value decreases roughly, though not exactly, in parallel 
with the drop of k}. Recently, Maehly (/5-J8) made a extensive study on 
the spectral changes of HRP on acidifying the solution with various acids, 
identified four intermediates or products, and named these compounds A, 
B, CG and D in the order of formation. There exists a close similarity 
between the band of Maehly’s compound B and the band observed at 
401 my for cytochrome c both in their absorption maxima and in their pH 
ranges for the formation, although the Soret band of compound B was 
located at slightly shorter wavelengths between 380 and 398my. It may, 
therefore, be inferred that the drop of k, below 3.4 is due to the formation 
of compound B. The formation of compound A, which could be related 
to the drop of k, below pH 4.3, may have been missed in the present ob- 
servation, possibly because of the low concentration in its intermediate 
formation. 

The absolute values of k, and k, were determined at their optimum 
pH, by the same procedure as before. The experimental conditions were 
(Cyt)=3.84 x 10-7, (H,O,)<1.02 x 10-4, and (LMG)=2.40x 10-5 M for k,, and 


PEROXIDASE ACTIVITY OF HEMOPROTEINS. II 867 


(Cyt)=3.85 x 10-7, (H,O,)=6.65 x 10° and (LMG) <4.23x 10-6 Mf for ky. The 
values thus determined were k,=(1.6+0.3)x 10 A#"'!sec.-! and k,=(1.940.4)x 
104 AZ-1sec.71 


DISCUSSION 


The values of k,; and k, determined in the present study are summarized 
in Table II, which also includes ky values of other hemoproteins measured 
with LMG as well as k,; values reported by various authors. The k, values 
of metmyoglobin and cytochrome c of the order of 104 are unexpectedly 
high, especially in the circumstances that they have been considered as a 
poor catalyst as peroxidase. However, the values are less than one tenth 
the k, value for HRP measured by Chance (JJ, 12), and roughly one 
fourth the value for the half-size subunit of hemiglobin (/). Paul and Avi- 
Dor (2) made a measurement of activity of metmyoglobin and cytochrome 
c by his technique of using mesidine and obtained one two-thousandth the 
activity for HRP measured by the same technique. Their result different 
from ours suggests the following two possibilities. 1) These hemoproteins 
possess a high hydrogen-donor specificity. i1) Their technique when applied 
to these hemoproteins gives us a relative value in terms of k, rather than 
in k, (see Table II). Activity data showing a rather low value of k, were 


TABLE II 


Values of k, and k, in M™ sec.-' for Various Hemoproteins 


Sample k, ke | Reference No. 
Metmyoglobin (2:54 0:7) 1025) (1.4eE0:3) x 10# | present study 
Cytochrome c (1.6+0.3) x 10 | (1-93: 0.4)x 104 | present study 
Metmyoglobin” | (2.2+0.06) x 102, — (3) 
Horseradish peroxidase 9.0 108 | (2258) 102) 12-22) 
Turnip peroxidase | (1.2~10.0) x 10° a | (23) 
1/2-subunit of hemiglobin | (6.7+0.4) x 10° | (5.8+0.5) x 10# | (2) 


1) The k, values listed were measured with leuco malachite green as 
the hydrogen donor. 

2) The acidic form of metmyoglobin of George and Irvine (3) 
measured at 22° between pH 8.0 and 9.5. 


reported by George and Irvine (3-6) for metmyoglobin with ferrocyanide 
as the hydrogen donor, in their extensive studies on the mechanism of its 
oxidation with H,O;. Their observation was, however, directed mostly to 
the study of the precise mechanism of reaction in the pH range between 
8.0 and 9.0, which is outside of the optimum pH range determined in this 


868 y. NAKAMURA, T. SAMEJIMA, K. KURIHARA, M. TOHJO AND K. SHIBATA 


study and may well account for their low activity data. 

George and Irvine (3) also made a detailed spectroscopic study of 
the k, value of metmyoglobin, changing pH, temperature and ionic strength, 
and determined its value for their acidic and alkaline forms of metmyoglobin. 
The value obtained for the acidic form increased from 122 to 607 with the 
change of temperature from 15 to 36°, in which the value at 22° listed in 
Table II approximately agrees with the k, value obtained in this study. 
The k, value for cytochrome c is less than one tenth the value for metmyo- 
globin. This fact may have some connection with the different location of 
heme in the molecules of metmyoglobin and cytochrome c; i.¢. the heme 
group of cytochrome c is embeded in the interior of the molecule, whereas 
the heme group of metmyoglobin is exposed at the surface. The k, values 
of both metmyoglobin and cytochrome c are 10-*-10-> times smaller than 
the k, value for HRP observed by Chance (22) and the values for 
three different components of turnip peroxidase isolated by Hosoya (23). 
The small value of k, despite the rather large values of k, for metmyoglo- 
bin and cytochrome c suggests that the low activities of these hemoproteins 
obtained previously by common techniques with no separate observation of 
k, and k, are due to the low value of k, for these hemoproteins or the high 
values for common peroxidases. 


SUMMARY 


The peroxidase activities and their pH dependencies of metmyoglobin 
and cytochrome c were measured with leuco malachite green as the hydro- 
gen donor and in terms of both k,; and ky, in which the former is the rate 
constant for the reaction with H,O, and the latter for the reaction with 
the hydrogen donor. The optimum pH values for k,; and k, were found 
to be 4.9 and 5.1 for metmyoglobin, and 3.4 and 4.2-4.4 for cytochrome c, 
respectively. Measurements of the sedimantation coefficients revealed that 
the activities observed at the acidic optimum pH are those of the native 
molecules. This result contrasts with the mechanism of activation of hemi- 
globin that the activation results from the dissociation of the native mole- 
cule into its subunits. The change of the Soret bands with pH elucidated 
that the activity drop observed below the optimum pH was caused by the 
dissociation of the heme group from the apoprotein in the case of metmyo- 
globin and was caused by unknown change of the state of heme in cyto- 
chrome c. The absolute values of ky in M-'sec.“! at the optimum pH were 
of the order of 10* and were higher than would be expected from the ac- 
tivity data so far obtained with no separate observation of k, and ky. 
However, the values were lower than those for common peroxidases such 
as horseradish peroxidase. The k, values were considerably smaller than 
the k, values and were of the order of 10-10%. The significance of the re- 
sults obtained is disussed in comparison with the activity data of various 
other hemoproteins. 
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CRYSTALLIZATION OF RHODOPSEUDOMONAS 
PALUSTRIS CYTOCHROME 552 


By SIGEHIRO MORITA 


(From the Department of Biophysics and Biochemistry, Faculty of Science, 
University of Tokyo, Tokyo) 


(Received for publication September 5, 1960) 


A c-type cytochrome from photosynthetic bacteria was first isolated in 
a soluble state by Vernon (J) from Rhodospirillum rubrum. The cytochrome 
was also obtained from Rhodopseudomonas palustris by Kamen and Vernon 
(2). The purification and some of the physico-chemical properties of the 
purified cytochrome have been reported by Vernon and Kamen (3). 

In the present paper, further purification and crystallization of this cyto- 
chrome, Rhodopseudomonas palustris cytochrome 552, are reported. Some of the 
physico-chemical properties measured with the crystalline preparation of the 
cytochrome are also described. 


EXPERIMENTAL AND RESULTS 


Bacterial Material—A strain of Rhodopseudomonas palustris was cultivated in 
a medium containing 0.5 per cent sodium lactate, 0.3 per cent peptone and 
0.5 per cent ammonium sulfate in tap water, under continuous illumination, 
in an anaerobic condition, at 27°. The culture was harvested by centrifuga- 
tion and washed with water. 

Extraction of Cytochrome—The washed bacterial cells were resuspended in 
a phosphate buffer (44/10, pH 7.0) to make a thick suspension of about 0.5 
ml. packed cells per ml. The suspension was subjected to disruption for 30 
minutes in a sonic oscillator (Tohyoh Co. Ltd., Model 50-4) operating at 20 
kc, and then centrifuged. The precipitated debris and undisrupted cells were 
resuspended in the phosphate buffer, again exposed to the sonic oscillation for 
60 minutes and centrifuged. The combined supernatants were strongly cen- 
trifuged (100,000 x g, 60 minutes), to separate the contaminating chromato- 
phores from the extract of the cytochrome. The pink-colored supernatant 
thus obtained showed an absorption band at 552 mp. 

Purification— Step I; Three hundred g. ammonium sulfate were added per 
1 liter of the above obtained supernatant. The resulting precipitate was re- 
moved by centrifugation, leaving all the cytochrome in solution. The cyto- 
chrome was then precipitated by adding 400g. ammonium sulfate per 1 liter 
(initial volume) of the supernatant. The precipitate contatining the 
cytochrome was collected by filtration and dissolved in a phosphate buffer 


(M/10, pH 7.0). This solution was dialyzed for 18 hours in a cellophane 
tube against water. 
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Step 2; The dialyzed preparation was passed through a column of ion 
exchange resin XE 64 (H*-type, equilibrated with a phosphate buffer //1000 
pH 7.0). The cytochrome, adsorbed at the top of the column, was washed 
with M/500 and eluted with 44/10 phosphate buffer (pH 7.0). 

Step 3; The red-colored fraction of the eluate was further fractionated 
by ammonium sulfate precipitation between concentrations of 400 g. to 650 g. 
per liter. The fractionated sample was dialyzed against water in a cellophane 
tube. 

Step 4; The dialyzed sample was again purified through an XE 64 
column (see Step 2). The column charged with the cytochrome was washed 
first with M/500, then with A4/200 phosphate buffer solution, and finally 
with 4/50 phosphate buffer to elute the cytochrome. Steps 3 and 4 were 
repeated, if necessary, until the ratio, D5;2/D27;, of the eluted solution became 
as high as 0.7-1.0. 

Step 5; To the solution of purified cytochrome thus obtained, ammo- 
nium sulfate (650 g. per | liter solution) was added to precipitate the cyto- 
chrome. The precipitate was collected by centrifugation and dissolved in a 
small amount of 4/5 phosphate buffer. Powdered ammonium sulfate was 
slowly added to the solution, until it became slightly turbid. The turbid 
solution was centrifuged and the clear supernatant was separated from the 
precipitate and kept at 0°. A crystalline precipitate of the cytochrome ap- 
peared after one to five days. 

Step 6; The crude crystal.thus obtained was collected by centrifugation 
and recrystallized by the procedure deseribed for Step 5 (Fig. 1). 


_ : a 
Fic. 1. Crystals of Rhodopseudomonas palustris cytochrome 552 
(reduced form). 


Physico-chemical Properties of Rhodopseudomonas palustris Cytochrome 552—Spec- 
tral Characteristics; ‘The absorption spectrum of the reduced form of the 
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crystalline Rhodopseudomonas palustris cytochrome, measured with a Cary Spec- 
trophotometer Type 14, is illustrated in Fig 2. The absorption maxima of 


LOG Io/I 
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Fic. 2. Absorption spectrum of Rhodopseudomonas palustris 
cytochrome 552 (reduced form). 


the reduced form lie at 552, 522, 418 and 317 mp, with a purity index, Ds552/ 
D,75, of 1.01. Two shoulders were found to accompany the $ band at 530 
and 513 my. The above absorption maxima coincide with those reported 
for the same cytochrome by Kamen and Vernon (2). 

Oxidation-Reduction Potential; ‘The oxidation-reduction potential of the cy- 
tochrome was measured by the usual spectrophotometric method, using ferri- 
ferro cyanide mixtures as oxidation-reduction buffers, in 44/5 phosphate buf- 
fer, pH 7.0 at 20°. The value for the normal potental E,)’ at pH 7.0 (20°) 
was found to be 0.33 volt, which is comparable with the value of 0.31 volt 
reported by Kamen and Vernon (2). 

Molecular Weight; ‘Vhe molecular weight of the cytochrome was calcu- 
lated from the sedimentation and free-diffusion constants. The sedimentation 
constant was determined with a Spinco Ultra-centrifuge Model E, in a syn- 
thetic boundary cell. In a phosphate buffer of pH 7.0 and ionic strength 
0.1, the value for the sedimentation constant was computed to be Soo, y =2.21 
x 10-4 Svedberg units, extrapolation to zero-concentration of cytochrome 
being made from three determinations at different protein concentrations rang- 
ing from 0.22 to 0.38 per cent. Measurement of the free-diffusion constant in 
the same medium gave a value of Dy, y=1.1810-7 cm2/sec. From these 
values, the molecular weight of the cytochrome was estimated to bel. 56x 
104, assuming the partial specific volume of the cytochrome to be identical 
with that of mammalian cytochrome c (0.71 ml./g.). 

Isoelectric Point; Electrophoretic measurements were carried out with a 
Tiselius-type apparatus (Hitachi Co. Ltd., Model HT-B) at 15°, and in 
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veronal buffer of pH 7.0, 7.5 and 8.0 (ionic strength 0.1). The isoelectric point 


of the cytochrome, as determined by interpolation to zero-mobility, was found 
toliesat pH 7.7. 
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Pyruvate kinase was purified from rabbit (1, 2) and human (3) muscles 
as an enzyme which catalyzes the following reaction: 


PEP** +ADP=—pyruvate+-ATP 


It had been reported that Mg*t (4) or NH,* (5-7) are essential for the 
enzyme-activity, Cat*+ inhibits the reaction (2, 8), and that IDP, GDP, 
CDP and UDP besides ADP are effective as a phosphate acceptor (9). 

However, yeast pyruvate kinase has not been purified to date although 
its existence was pointed out by Parnas, Man and Man (JO) and by 
Muntz (JJ) many years ago. 

This report deals with the purification of yeast pyruvate kinase and 
some of its properties compared with that of the muscle. 


EXPERIMENTAL 


Materials—PEP was prepared as silver barium salt by the method of Baer and 
Fischer (£2), and was used as a solution adjusted to pH 5.8 or 7.0 with Tris, after re- 
moving silver and barium by adding 0.1 M HCl and 0.1M H,SO,. Nucleoside diphos- 
phates, ATP, and AMP were purchased from the Pabst Laboratories. The purity of these 
preparations were confirmed by paper chromatography. DEAE-cellulose synthesized 
according to the method of Peterson and Sober (73) was kindly given by Dr. Y. 
Kaziro. 

Methods—Pyruvate was determined by the method of Friedemann and Haugen 
(i4), PEP, by the method of Sasaki and Takahashi (15), and inorganic phosphate, 
by the method of Fiske and Subbarow (J6). 

Protein content in the crude enzyme solution was measured by the modification of 
biuret color reaction (/7). After ammonium sulfate fractionation, protein was determined 
spectrophotometrically by the method of Warburg and Christian (J8). 


* The work described in this paper was presented before the 32nd Meeting of the 
Japanese Biochmical Society held in Osaka, November 1959, and published in Japanese 
in the Journal of Japanese Biochemical Society, 31 (9), 789 (December L959) 

** The following abbreviations are used: PEP, phosphoenolpyruvate ; ADP, adenosine- 
diphosphate; ATP, adenosine triphosphate; IDP, inosine diphosphate; GDP, guanosine 
diphosphate; CDP, citidine diphosphate; UDP, uridine diphosphate; ‘Tris, tris (hy- 
droxymethyl) aminomethane; AMP, adenosine monophosphate; DEAE-cellulose, diethyl- 


aminoethylcellulose; EDTA, ethylenediamine tetraacetate; and DPNH, reduced dispospho- 
pyridine nucleotide. 
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Assay for Pyruvate Kinase—The activity of pyruvate kinase was estimated by the de- 
termination of pyruvate formed in the reaction mixture. The standard reaction mixture 
contained 9X 107-8 moles PEP, 3X 10-3 moles ADP, 7.2 10-2 moles MegSO,, 6.75 xX 107! moles 
KCl, 9.9 10-2 moles Tris-maleate buffer (pH 5.8), and enzyme preparation obtained 
by step 5 of the purification (see below). The total volume of the system was made to 
3.0ml. by the addition of distiled water. The reaction was carried out for 20 minutes 
aue2zOn. 

One enzyme unit is defined as the amount of enzyme sufficient to yield 1 pmole 
pyruvate per minute in the standard reaction mixture. The specific activity of the 
enzyme was expressed as units per mg. of protein. 

Identification of Reaction Products—Pyruvate and ATP were demonstrated by paper 
chromatography. Two kinds of soluvent systems were used for their identification. 
Developing solvents used for pyruvate: Solvent mixture A, butanol 120, water 30; 
Solvent mixture B, butanol 20, ethanol 50, water 20 (v/v) (upper layer). The spots 
were detected according to the method of Cavallini (29) using 2,4-dinitrophenyl- 
hydrazine. For ATP: Solvent mixture A, butyric acid 10, 1 N ammonia water 6, 0.1 M 
EDTA 0.16 (20); Solvent mixture B, 0.1 M@M phosphate buffer (pH 6.8), 100ml., ammo- 
nium sulfate 60g., propanol 2ml. (21). Spots were detected under ultraviolet light. 

Determination of ADP and ATP—After the reaction was finished the reaction mixure 
was adjusted to pH 8 and passed through a coulmn of Dowex-1 (Cl-) according to the 
method of Cohn and Carter (22). The extinction at 260my of ATP and ADP in the 
eluate was estimated by subtracting from the total extinction the extinction due to pyru- 
vate and PEP contained in the fraction, because these could not be removed from each 
elute. 


RESULTS 


Purification of the Enzyme 


Drying the Yeast—¥resh baker’s yeast furnished by Oriental Yeast Co. 
was crumbled into small granules, spread out and completely dried as 
quickly as possible. The dried yeast retained its activity during two months 
in the desiccator over P,O,. 

Step 1. Extraction—One hundred g. of dried yeast was suspended in 300 
ml. of 0.06 M phosphate buffer (pH 7.2) at 37° for 3 hours and after adding 
150ml. of the buffer to the suspension it was placed in an ice bath over- 
night. The suspension was centrifuged at 3,000r.p.m. for 40 minutes at 
room temperature. 

Step 2. First Ammonium Sulfate Fractionation—To the centrifuged super- 
natant solution ammonium sulfate was added slowly to the final concentra- 
tion of 0.4 saturation (24.3¢./100ml.). The solution was adjusted to pH 
6.0 with N ammonia water. After standing for 2 hours in an ice box, the 
mixture was centrifuged at 5,000r.p.m. for 20 minutes at 0°. Ammonium 
sulfate was further added to the supernatant solution until its concentration 
reached 0.6 saturation (13.2g./100ml.). The solution was again centrifuged 
2 hours later and the supernatant was discarded. The precipitate was dis- 
solved in 0.06.M phosphate buffer (pH 7.2). All the subsequent steps were 
carried out at 0° to 4°. 
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Step 3. Second Ammonium Sulfate Fractionation—The same procedure as 
Step 2 was repeated to obtain a precipitate with 0.45 to 0.55 saturation of 
ammonium sulfate. 

Step 4. Dialysis—The precipitate was dissolved in a small volume of 
phosphate buffer and dialyzed in a collodion sack for 5 hours against 95 
liters of 0.005.M phosphate buffer (pH 7.5) containing 10°44 EDTA. The 
enzyme lost its activity rapidly by dialysis for more than 5 hours. 

Step 5. Treatment with DEAE-cellulose—The dialyzed solution was diluted 
with phosphate buffer (pH 7.5) to about 2 per cent concentration of protein 
and to this solution was added the same volume of DEAE-cellulose-Cl 
previously bufferized with 0.00514 phosphate buffer (pH 7.5) containing 
10°44 EDTA. The mixture was placed in an ice bath and stood for 20 
minutes with occasional stirring. The cellulose having adsorbed the enzyme 
was separated by centrifugation and the enzyme was eluted from the cel- 
lulose with 0.02514 phosphate buffer (pH 6.0). To the supernatant, am- 
monium sulfate was added to saturation. After standing overnight the 
precipitate was collected by centrifugation and dissolved in a minute 
volume of 0.064 phasphate buffer (pH 6.6). 

This preparation rapidly lost its activity within a few days. The yield 
and specific activity for each step are given in Table I. The best purified 
enzyme preparation showed the specific activity about 18 times that of the 
original extract. 


Tas_e I 
Purificaon of the Enzyme 


; Total Rig yi ae Specific Vield 
Fraction protein | activity activity os 

te ae (mg.) Pe nics) ay (units/mg.) | (%) 

1 Crude extract ige7 a T8i6 ons baa 100 
2 Ammonium sulfate | | 

fractionation I 447 786 | 1.8 52 

3 Ammonium sulfate | 

fractionation II 89 | 314 3.5 | 21 

4 Dialysis | 69 | 269 3.9 18 
| 

5 DEAE-cellulose 12 | 165 141 11 


treatment 


Selection of Assay Method 


As the standard assay method of muscle pyruvate kinase the spectro- 
photometric method of Negelein (4) is usually applied. In this method 
pyruvate kinase reaction is coupled with that of lactate dehydrogenase and 
the oxidation of DPNH is estimated by the change in optical density at 
340 my. The reaction mixture contains 18x10-* moles PEP, 6X 10-4 moles 
ADP, 24x10 moles MgSO,, 6x10-4moles KCl, 4.35x 10-4 moles DPNH, 
20.110? moles Tris buffer (pH 7.4), lactate dehydrogenase, and pyruvate 
kinase in a final volume of 3.0 ml. 
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Initially this method was applied to the assay of yeast enzyme. Since 
the maximal activity was found in the fraction obtained between 0.65 and 
0.77 ammonium sulfate saturation, the preparation was further purified 
with alumina Cj7-gel. However, the preparation obtained showed the fol- 
lowing properties. Lactate was not found as the reaction product when 
determined by Barker’s method (23) and pyruvate was also not detected 
in the reaction mixture from which DPNH was removed. The oxidation 
of DPNH occurred more rapidly when ADP was replaced with ATP. 

Therefore, some experiments were carried out in order to reveal this 
reaction and the following findings were obtained. The oxidation of DPNH 
was observed even in the absence of lactate dehydrogenase and KCl. As 
can be seen in Table II, which indicates the amount of PEP before and 
after this reaction, 80 per cent of PEP was metabolized regardless of the 
addition of DPNH and ATP. The stoichiometric liberation (1:1) of ortho- 
phosphate with disappearance of PEP was observed in the complete system. 
Moreover, the evolution of CO, was not observed in this reaction mixture 


Tasce II 
PEP and Inorganic Phosphate Changed by the Reaction with the 


ai 4 . Wie ie Ae Inorganic 

Reaction mixture | sar | a aes phosphate 
Control (non-enzyme system) | 3.30 0 | 0.40 
Complete system | 0.75 | 2.55 | 3.65 
Without DPNH | 0.70 2.60 | 1.80 
Without ATP 0.73 | 2.57 1.78 
Without DPNH and ATP | 0.75 2.55 1.75 


The reaction mixture (3.0 ml.) contained 4.5 107? moles PEP, 15x 1074 
moles ADP or ATP, 20.1 x 10-4 moles DPNH, 24x 10~? moles MgSO,, 24.9 
10-2 moles Tris buffer (pH 7.4), enzyme (0.65 to 0.77 fraction by ammonium 
sulfate fractionation treated with Cy-gel.) 0.5ml. Temperature, 25°. After 
30 minutes 2ml. of 20 per cent trichloroacetic acid was added to the 
mixture, precipitate removed by centrifugation, and inorganic phosphate 
in the supernatant estimated. 


and oxaloacetic acid was also not detected when determined by the colori- 
metric method of Bessman (24). 

From these results it was assumed that a reaction reverse of glycolysis 
took place instead of the expected pyruvate kinase reaction. Attempt was 
made to prove thep resence of aldolase in the crude enzyme preparation 
and its presence was verified by the method Ou (Cuasrisieneay (24a)) using 
fructose-1,6-diphosphate as a substrate. The formation of hexose in this 
system was also detected by Aschwell’s method (26). 
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These results indicate that when ADP or ATP and DPNH are added 
to the crude enzyme preparation, a reaction reverse of glycolysis takes 
place. Therefore, the Negelein’s spectrophotometric method is inap- 
plicable as the assay method of yeast pyruvate kinase at earlier stage of 
its purification. The enzyme system catalyzing the reaction from PEP to 
triose phosphate was more active than that of pyruvate kinase in the crude 
enzyme preparation. Negelein’s method may possibly be used, however, 
for a purified enzyme. However, even in such cases care must be taken to 
assure the purity of lactate dehydrogenase used in the reaction mixture. 
It should be perfectly pure and completely free from pyruvate kinase. The 
lactate dehydrogenase prepared from rabbit muscle according to the de- 
scription of Kornberg (27) and crystalline enzyme (solution form) 
purchased from Sigma Chemical Co. contained a considerable quantity of 
pyruvate kinase. 


Selection of Reaction Condition 


As shown in Table III-l, the enzyme preparations fractionated with 
ammonium sulfate contained phosphatase activity when observed under the 
conditions indicated. However, phosphatase activity disappeared under the 
standard conditions as shown in Table III-2 where the amount of the 
enzyme was decreased, the substrate was increased, and pH was adjusted 
to the optimum (pH 5.8) for pyruvate kinase. 


Tas_eE III-1 
Selection a Reaetion Condition 
F Reaction Lae (moles) 
Fraction = : a =" 
from (NH,),SO, ADP+enzyme Sibutateheneine ie 

fractionation Inorganic | Pyruvic | Inorganic | Pyruvic Tnorganic | Pyruvic 

x y phosphate) acid _| phosphate acid __ phosphate | acid 
0 —0.5 | | 
saturation L078 iG. t= 0.26 0.24 1.24 | 0.81 
0.5 —0.65 
eaturation Oe | — 0.73 | 0.65 eZ | 0.83 
0.65—0.77 
saturation ESS —z 1 PAl 1226 ew | OFS 7. 


The reaction mixture 7 0 ml.) contained 4.5X 10-3 moles PEP, 15x 10- roe 
ADP, 7.2x10-2?moles MgSO,, 22.5x 10-2 moles KCl, 24.9x 107 2moles Tris buffer 
(pH Zz 4), and 10mg. of enzyme protein. Incubation at 25° for 30 minutes. 


Identification of the Reaction Products 


Pyruvate and ATP formed in the reaction mixture were demonstrated 
by paper chromatography using the solvents described in the Experimental 
section. As shown in Table IV, yellow spot of pyruvate was detected at 
the same &y value as that of an authentic sample. The spots of ATP and 
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Tasie III-2 
Selection of Reaction Condition 


Fraction | Reaction product (pyruvic acid, moles) 
from (NH,),SO, | - ; zs ‘ : = 
fractionation | Substrate+enzyme | Substrate +ADP+enzyme 

— = : = 

0504 | 

saturation 0.03 | 0.50 
| 

0.4—0.5 | 

saturation 0.05 | 1.31 

0.5—0.6 | 

saturation 0.05 | 1.33 

0.6—0.7 | 

saturation 0.05 0.58 


Standard reaction mixture was used with the addition of 10 pg. 
of enzyme protein. Incubation at 25° for 20 minutes. 
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ADP were detected by ultraviolet light with the R; values corresponding 
to those of authentic ATP and ADP. In the case of solvent B only one 
spot was detected indicating the presence of ATP because in this case 


twice the volume of enzyme was used. 


TABLE LY 
Paper Chromatography of the Reaction Products 


eee i | Solvent A | Solvent B- 


| : l= 1G) RY 

Standard pyruvic acid | 0.64 0.49 
: el 

Detection of pyruvic Reaction solution 0.64 0.49 
acid i ia | 

_ Standard ADP | 20.59" |. 0:42 

Deiciion/or ATP Standard ATP | 0.51 | 0.48 

Reaction solution 0.60 0.41 

(non-enzyme system) | g | ‘ 
Reaction solution | 0.60, 0.53 | 0.46 


| 


Standard reaction mixture was used with the addition of 50 yg. of 
enzyme protein except in the case of solvent B in which case 100 yg. of 
protein was added. Incubation at 25° for 20 minutes. For details see 
the text. 


Test for Other Contaminating Enzymes 


Activities of ATPase, adenylate kinase, and nucleoside diphosphate 
kinase in the final preparation were checked. Each of three enzyme ac- 
tivities was measured by the addition of ATP alone, ATP plus AMP, or 
ATP plus IDP to the standard reaction mixture, from which ADP was 
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removed, for ATPase, adenylate kinase, and nucleoside diphosphate kinase, 
respectively. There was no detectable activity of the three enzymes, as 
shown in Table V. 


TABLE V 
Test for Other Contaminating Enzymes 


ADP. | ATP | AMP |AMP+ATP| IDP | IDP+ATP 


Concentration added | 3 3 | 3 | siege cus 3 be ooShorttaless 
(umoles) | | | 

Pyruvic acid formed | 9 | 0.07 | 0 0 0.05 0.14 
(umoles) | | | 


Standard reaction mixture was used. Nucleosides given in the upper 
column were added instead of ADP. 


Some Properties of the Enzyme 


pH Optimum—Optimal pH for the enzyme activity was at about 5.8, as 
determined in the standard reaction mixture shown in Fig. 1. 


.) 
Ss 


PYRUVIC ACID FORMED (%) 
(O} 
is) 


“5 DO! 55 (6065 1.0 as 
pH 
Fic. 1. Pyruvate kinase activity as a function of pH. 
Standard conditions were used except for the pH of buffer. 


Effect of Metallic Ions—The reaction had an absolute requirement for 
bivalent cation, Mg**, and univalent cation, Kt. If these two kinds of 
metals were not added to the reaction mixture, the reaction did not proceed 
at all. Mn** could replace Mgt* and the same relation was seen between 
K* and NH,*. Among other bivalent cations tested Catt and Sr++ had no 
effect on the enzyme activity, while Co*+ and Fe*+ were effective, as pres- 
ented in Table VI. Ca**, Lit and Na* inhibited the activity when these 
were added to the standard system containing Mg++ and K+. Cutt 


strongly inhibited the enzyme activity at concentration of 10-5 M, as pres- 
ented in Table VII. 
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TasLe VI 
Effect of Metallic Ions 
NMeallia xs Concentration | Pyruvic acid formed 
(M) | (v4 moles) 
Me** Soe 1052 1.08 
Mn+ 4 x10-8 | 1.08 
Gor Seal One 0.29 
Hem La eelOne | 0.39 
Srae 3 1032 | 0 
Cag" 2 PX 1052 0 
ee 2.25 x 1071 1.05 
NH,* ZeLO A Oes | 0.51 
Tat 2.25 x 1074 0.06 
Nat 2.25 x 10-1 | 0 


Effect of metallic ions was tested by removal of Mgt* from the 
standard reaction mixture for bivalent ions and of Kt for univalent 
ions. The values for Mg**, Mn**, K*, and NH,* are given by the 
concentration showing highest activity. 


TasLe VII 
Effect of Inhibitors 


Concentration added | Inhibition 


Compound | (%) 
p-CMB | 1 -x10-3 | 100 
CH,ICOOH 1 x107 72 
EDTA 1 x10 76 
KF 1 <107 84 
Cutt 1 x10-5 | 94 
Nat 2.3 1071 | 39 
Nat 7.5X 10-2 13 
Lit 2.3x 10-1 | 98 
Lit 7.5% 1072 | 60 
Gans ye MO 82 


(Chips O./AOn? 64 


Standard reaction mixture containing 10 yg. of enzyme protein 


was used. 


Effect of Inhibitors—The effect of inhibitors such as £-chloromercuriben- 
zoate, monoidoacetic acid, EDTA, and potassium cyanide is presented in 
Table VII. -Chloromercuribenzoate completely inhibited the enzyme ac- 
tivity at a concentration of 1x10°°’4 Therefore, SH group seems to be 
related to enzyme activity. 
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Nucleotide Specificity-IDP, GDP, CDP and UDP were effective as phos- 
phate acceptor, as has been reported for muscle pyruvate kinase. Under 
the condition tested, the reaction velocities were in ratio of ADP: UDP: 
CDP: GDP: IDP=100:10:6:5:3. The pH optimum of each nucleotide 
was 5.8, 5.4, 5.4, 6.0, and 5.6 for ADP, GDP, IDP, UDP, and CDP, respe- 
ctively (Fig. 2). 


PYRUVIC ACID FORMED (%) 


NG 5.0 “6596.09 “65 5=70" 95 
pH 


Fic. 2. Effect of pH on the rate of yeast pyruvate kinase 
activity with each nucleotide. 

The reaction mixture (3.0ml.) contained 3107? moles PEP, 
5x10-4 moles nucleoside diphosphate, 2.41072 moles MgSQO,, 
2.25x107-! moles KCl, 3.31072 moles Tris-maleate buffer at the 
desired pH, 25 wg. of enzyme in the case of ADP, 50 wg. for UDP, 
CDP and GDP, and 100 yg. for IDP. Incubation at 25° for 20 


minutes. 


Stoichiometry—The decrease of DEP and ADP, and the formation of 
pyruvate and ATP during the reaction were estimated. Stoichiometry of 
the reaction has been verified, as shown in Table VIII. From this result 
it was concluded that no other reaction took place in addition to this 
enzyme reaction. 


Taste VIII 
Time PEP decreased | Aes Bek | ADP decreased _ ATP formed 
(min.) (moles) Cee (umoles) (umoles) 
ied p Aare (wmoles) | pM 
0 | 16.20 0 10.62 0 
45 6.78 | 9.20 | 0.66 10.66 
| | 
Difference 9.42 O20 | 9.96 10.66 


ADP (1.5X10°3M). 50 yg. of enzyme protein was added. 
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DISCUSSION 


To check the purification of yeast pyruvate kinase it is important to 
select a suitable assay method. If it is not suitable, other enzyme reactions 
take place which leads to wrong purification. 

Comparison of purified yeast pyruvate kinase with the muscle enzyme 
showed that they were not very different so far as metalic ion requirement 
was concerned although pH optimum was distinctly different. Mg++ or 
Mn** and K+ or NH,* were essentially required, while Ca*+, Nat, or Lit 
inhibited the reaction. Muntz (//) reported that K* or NH,* was not 
reqired essentially for the fermentation of hexose-1,6-diphosphate or phos- 
phoglyceric acid on the basis of the experiment carried out using dialyzed 
extract of brewer’s yeast, however, the reaction did not proceed if K* or 
NH,* was not added to the reaction mixture. Seits (28) also denied 
Muntz’s result and reported that K+ or NH,* was essential in the fer- 
mentation of phosphoglyceric acid with the dialyzed yeast extract and if 
it was not added, the reaction stopped at the stage of PEP. He concluded 
that the result of Muntz came from imperfect dialysis. Such a result as 
that of Muntz might be obtained when a crude extract was used. 

As regards the nucleotide specificity of the enzyme it had been reported 
by Lohmann and Meyerhof (4) and Strominger () on the muscle 
enzyme that IDP, GDP, CDP, and UDP beside ADP were effective as a 
phosphate acceptor. The same result was obtained on the yeast enzyme 
although ratio ot the reaction velocity of these nucleotides was somewhat 
different. Recently, many workers (28-32) pointed out that the activity of 
each nucleotide depends upon reaction conditions such as pH, metallic 
ions, and buffer solutions. Kaziro (3/) reported that the relative effect 
of nucleotides on thiaminokinase reaction differed as a functions of pH 
and Mn++ concentration, but as far as pyruvate kinase was concerned, the 
optimal pH of each nucleotide was not so different in the cases of muscle 
enzyme (33) and yeast enzyme. ADP was the most effective and UDP 
followed with the same Mgt* concentration in yeast pyruvate kinase. The 
problem of nucleotide specificity seems to be different from enzyme to 
enzyme. 


SUMMARY 


1, Pyruvate kinase from baker’s yeast was purified about 18-fold from 
the extract from dried yeast. Maceration juice of baker’s yeast extracted 
with 0.06 M phosphate buffer was subjected to ammonium sulfate fractio- 
nation (0.45 to 0.55 saturation) and further treated with DEAE-cellulose. 

2. To check the purification procedure it is important to choose a 
suitable method for enzyme assay. If the method coupled with lactate 
dehydrogenase is used, pyruvate kinase activity would not be detected, be- 
cause in such cases a reaction sequence reverse of glycolysis takes place. 
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3. The preparation derived from the last step of purification showed 
the following properties: (1) ATPase, adenylate kinase, and nucleoside di- 
phosphate kinase were not detected. (2) Optimal pH for enzyme activity 
was at about 5.8. (3) Simultaneous presence of Mg*t* or Mn** and K* or 
NH,* was essential for the enzyme activity. (4) p-Chloromercuribenzoate 
and heavy metals such as Cutt completely inhibited the reaction at the 
concentration of 107° or less. (5) UDP, CDP, GDP, and IDP besides 
ADP were effective as a phosphate acceptor, though remarkably less effective 
than ADP. These findings showed no substantial difference from those of 
muscle enzyme. 

4. Stoichiometry between substrate and reaction product has been 
verified. 


The authors wish to express their thanks to Prof. N. Shimazono for his kind 
guidance and encouragement. 
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Heterogeneity of protamines, clupeine, salmine, iridine and mugiline, 
has been described by many authors (J-J2). It is, however, still uncertain 
from what the heterogeneity is originated and what its biological mean- 
ings are. 

It was reported from this laboratory (2), that the ratios of the contents 
of the N-terminal proline to alanine in clupeine varied among some dif- 
ferent preparations obtained from the testes of Pacific herrings (Clupea 
pallasit). In this case, the possible origins of the heterogeneity of clupeine 
may consist in the differences in shoals of herrings, maturity stages of the 
testes, ages of the fish, and methods of preparation of the?sample as well as 
the individual differences of the protein concerning the™genetic lines of the 
fish. 

For the purpose of tracing the origin of the heterogeneity of protamines, 
therefore, it would be necessary to use the samples prepared from the 
mature testes of the individual fish of which the genetic line is pure. Iridine 
from the rainbow-trout (Salmo irideus) in a hatchery seems to be a material 
that answers the problem. 

The methods ensuring the most clear-cut fractionation of protamines 
are countercurrent distribution (/, 6, 7, 12) and elution chromatography on 
alumina (//). Especially, the latter is useful for testing rapidly the purity 
of a small amount of a protmanine specimen. In this work, the hetero- 
geneity of iridine prepared from mature testes or sperm of each single 
rainbow-trout was examined by means of the alumina chromatography, 
and the amino acid composition and the N-terminal residue were compared 


each one another. 
EXPERIMENTAL 


Preparations of TIridine 


Preparation A (On a Preparative Scale-—From the sperm of the rainbow-trouts in their 


_ * Partly presented at the 31th Annual Meeting of the Japanese Biochemical Society 
(Sapporo, July 14, 1958), and briefly reported (3). 


** Present address: National Institute of Radiological Sciences, Chiba, Japan. 
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breeding season (March 17, 1951), dried powder of sperm heads was prepared* according 
to the Rasmussen’s method (5). Iridine was extracted several times from 1.02 g. of 
the powder with each 10ml. of 0.2N HCl under ice-cooling**, and each extract was 
neutralized with Amberlite IRA-400 (HCO, form)***. On lyophilization, white amorphous 
powder of crude iridine bicarbonate was obtained. The yields were 166mg. from the first 
extract, 73mg. from the second, and 55mg. from the combined extracts of the third and 
fourth ones. 

Preparation B (Under Moderate Condition)****—From the sperm of 5 year old rainbow- 
trouts (March 6, 1954), purified iridine sulfate was prepared under neutral condition 
according to the method described in a previous paper (/3). 

Preparation C (From Individual Fish)—The seminal fluid was obtained separately by 
stripping three fish of it in their breeding season in 1958 and this fluid was brought to 
our laboratory under ice-cooling. Just before the preparation, within six hours after the 
stripping, the spermatozoa were confirmed to be alive by their movement under a micro- 
scope. All the treatments described below were performed at 0 to 6°. 

To the seminal fluid, 10 volumes of 0.12544 aqueous NaCl were added*****, the 
suspension was stirred for 10 minutes and centrifuged for 10 minutes at 2800 r.p.m. (ca. 
800g). The slightly yellow, bubbling supernatant was discarded. In order to plasmolyze 
the cells (75), the white precipitate was stirred for 20 minutes with the same volume of 
distilled water as that of the saline solution. The milky suspension was homogenized for 
3 minutes at 1-1.5x10! r.p.m. with pieces of ice (about 1/3 volume of the suspension) 
in a high-speed mixer (manufactured by Nihon Seiki Co. Ltd.). The bubbling and 
milky liquid was filtered through eight sheets of cotton cloths, and the filtrate was cen- 
trifuged for 10 minutes at 2800 r.p.m. The opalescent supernatant was discarded, and 
the precipitate was washed twice by centrifugation with the same volume of distilled 
water as in the case of plasmolysis. The snow-white residue of the sperm nuclei was 
succesively washed with aqueous ethanol, ethanol and ether, and dried in vacuo (for yields, 
sees lable=D: 

The preparation procedure of iridine from each group of the nuclei was slightly dif- 
ferent in some cases as described below. 

(i) Preparation C,: One hundred and fifty-four mg. of the sperm nuclei from the 
first individual suspended in 3ml. of 0.2 per cent HCl was ground with 1.5g. of quartz 
powder (50-200 mesh) in a mortar in a cold room (0-4°) (75). The combined extracts 
from a six times treatment were neutralized with Amberlite IRA-400 (HCO, form), and 
lyophilized. More than 16mg. of crude iridine bicarbonate (one part was lost) was 
obtained (see Table I). 

(ii) Preparation C,: One hundred and seventy-nine mg. of the nuclei from the 
second individual suspended in 2ml. of 0.2N HCl was ground with 180mg. of quartz 
powder. The combined extracts from the eight times treatment were dealt with as in 


the above. 
(iiia) Preparation C,;: Ninety-five mg. of the nuclei from the third individual was 


* This was prepared by Dr. M. Yamasaki in our laboratory, cf. reference (J). 
** During the preparation, sometimes the temperature rose to 10°. 

*** When a clupeine solution in hydrochloric acid was treated with a weakly basic 
resin, Amberlite IR-45, to neutralize the acid, a part of the protein was adsorbed on the 
resin. A strongly basic resin, Amberlite IRA-400, showed no such an effect. 

**««« All the work was carried out by Dr. C. Hashimoto in our laboratory. 
*ee"* Spermatozoa of rainbow-trouts retain their fertilizability for the longest time in 
M/8 (=0.125M) aqueous NaCl, a physiological saline solution of the fish (/4). 
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treated in the same way as in Preparation C,. 

(iiib) Preparation C,' (From a Testis): The testis (the right half, ca. 6g. in a wet 
state) of the third individual fish, from which the seminal fluid had already been dis- 
charged as described above, was brought to our laboratory packed in natural ice. The 
testis was minced, and stirred with 90 ml. of 0.125 M aqueous NaCl under ice-cooling, and 
the suspension was filtered through four sheets of cotton cloths. The filtrate was treated 
in the same manner as described in Preparation C part, and 305mg. of white powder of 
the sperm nuclei was obtained (Fig. 7). From 98mg. of the nuclei, in the same manner 
as in Preparation C, or C3, 33mg. of crude iridine bicarbonate was obtained. 


TABLE | 
Yields of the Sperm Nuclei and Iridine from Individual Fish 


Fish Volume} Yield Iridine 
ge of of | Nude Yield 
fee Age | Dale WWetghay) pepor | Dice saad (as Bicatba Ste) 
years | @s || saml: mg. nig} s | mg.|\ aon 
CQ, 3 Jan. 28, 1958 203 2.8 204.9 154.0 | >16» | — 
C, 3 Jan. 28, 1958 | 195 At) 179.0 179.0 65.0 36 
C,’ (6¢.)>)| 304.9] 97-9 S229 oe 
1) See the section of Preparation C in the experimental part. 
2) One part of the sample was lost during the preparation. 


3) Wet weight of a right half testis used. See the experimental part. 


Elution Chromatography 


The elution chromatography of clupeine on alumina introduced by Scanes and 
Tozer (12) was somewhat modified; iridine was eluted with 0.45M K,HPO, from a 
buffered alumina column with the same buffer (3). 

Bufferization of Alumina—Six hundred and fifty mg. of alumina for chromatography 
(manufactured by Nippon Aluminum Co. Ltd. and supplied by Wako Pure Chemicals 
Co. Ltd.) was washed five times each with 2 liters of tap-water and five times with 
distilled water, and calcinated for 2 hours over a teclu burner (200-300 mesh). 

An 0.45 M aqueous K,HPO,* of pH 9.2 was added to the alumina (2ml. of the 
buffer per 1g. of alumina), stirred for 5 minutes, and allowed to stand for 30 minutes. 
The supernatant (pH 8.6) was discarded, and to the precipitate the buffer (Iml. per 1 
g. of alumina) was again added, stirred for 5 minutes, and left overnight. No shift of 
pH was observed in the supernatant. The precipitate suspended in the buffer was trans- 
ferred into a chromatography tube. 

Preparative Scale Chromatography—A 1.0)X78cm. column was made from 47g. of the 
buffered alumina. Then 76.8mg. of crude iridine prepared according to Preparation A 
(the first and the second extracts combined) was dissolved in 5ml. of 0.45M aqueous 
K,HPO,, adsorbed on the column and eluted with the same buffer at 25°. The effluent 
was collected in 10ml. fractions at a rate of 17ml. per hour (Fig. 3a). Both specimens 
of iridine sulfate recovered from fractions Y and Z (7.12mg. and 7.68 mg. respectively, 


* The analytical reagent of K,HPO, manufactured by Kosé Chemical Co. Ltd., 


Tokyo was used, since the reagent of Junsei Chemical Co. Ltd., Tokyo did not satisfy 
the chromatographic resolution of iridine. 
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as described below) were rechromatographed respectively on an 0.61 78cm. column just 
in the same manner as described above. The effluent was collected in 4ml. fractions at 
a rate of 7ml. per hour (Figs. 3b and c). 

Analytical Scale Chromatography—An 0.6,;X3lcm. column was made from 9g. of the 
buffered alumina. Crude iridine bicarbonate prepared according to Preparation B, C or 
GC,’ (15 to 17mg.)* was dissolved respectively in I ml. of 0.45 aqueous K,;HPO, and 
eluted with the same buffer at 25°. The effluent was collected in 2ml. fractions at a 
rate of 4 to 5ml. per hour (Figs. 5 and 6). 

Analytical Methods—Three different methods were used. 

(2) Retention analysis: The retention analysis (/) using an acidic dye, ponceau 6RF, 
was adopted. 

(it) Spectrophotometry at 210m: To each aliquot of effluent fractions, an equal volume 
of 1.0N HCl was added. The optical density of each solution was measured at 210 my 
with a Shimadzu type QR-50 photoelectric spectrophotometer (manufactured by Shimadzu 
Seisakusho Co. Ltd., Japan, Serial No. 57126). It was determined against a mixture 
(pH 1.20) of 0.45M aqueous K,HPO, and N HCl (1:1, v/v) with lcm. quartz cells and 
at a constant slit width, 0.5mm. (see results and discussion part). 

(iit) Spectrophotometry at 260myu: By the same spectrophotometer, the optical density 
of each solution (see above) at 260my was measured. 


Recovery of the Sample 


Effluent fractions collected between 430-650 ml., 650-820 ml. and 820-1100 ml. in the 
preparative scale chromatography were combined respectively, and designated as fractions 
Y, M and Z in that order (Fig. 3a), in analogy to the designation of Scanes and 
Tozer (27) for clupeine fractions. To each fraction, 2N HCl was added until pH 6, 
and flocculent precipitate probably consisting of AlPO, or Al(OH); was removed by 
centrifugation**. The colorless and transparent supernatant was poured into an Amberlite 
XE-64 (IRC-50) column (2.5x%5cm.) which was buffered at pH 6 with K,HPO,-HCl 
mixture. The column was washed with ice-cooled N acetic acid for desalting, and the 
protamine adsorbed on the resin was then eluted with cold 0.1N HCl at a rate of 2.5 
ml. per minute***. The acid effluent containing iridine was neutralized with Amberlite 
IRA-400 (cf. foot-note of page 887). The residue obtained on lyophilization was dissolved 
in ice-cooled diluted H,SO, (pH 2), and iridine was precipitated as sulfate by the addi- 
tion of ethanol. The precipitate was washed with ethanol and ethyl ether, and dried im 
vacuo. The yields were 15.8mg., 8.2mg., and 13.3mg. from fractions Y, M and Z, re- 


spectively. 
Analysis of Amino Acid Composition and N-Terminal Residues 


Amino Acid Composition—Samples of iridine (2 to 3mg.) and the sperm nuclei (6 mg.) 
were hydrolyzed at 110° in redistilled 6 N HCl for 33 hours. The amino acid composition 
was semi-quantitatively determined by densitometry of ninhydrin color on the one-dimen- 


* 15.54mg. from preparation B, ca. 16mg. from C,, 17.12mg. from C,, 15.73 mg. 
from C; and 15.90 mg. from C,’. 
** The amount of the protein adsorbed on the precipitate was found in the case of 
fraction M, to be about 4 per cent by Sakaguchi colorimetry (/6). 
*«* The desalting procedure was performed according to the suggestion of Dr. Ishii 
in our laboratory. It was almost impossible to elute a protamine, clupeine, with ice-cool- 
ed 0.1N H,SO, from the resin, for the protamine sulfate is difficultly soluble in cold 


water, 
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sional paper chromatograms. In all cases, n-butanol-formic acid-water (15:3: 2, v/v/v) 
(** butanol’? system) was used for development on the Toyo Roshi No. 51 filter paper 
(2x4lcm.), and water-saturated tert-amyl alcohol containing 0.04 per cent 8-hydroxy- 
quinoline (27) was used to distinguish leucine from isoleucine (/8). One-dimensional 
paper chromatography using a solvent system of phenol-0.1 per cent ammonia (6:1, v/v) 
containing 0.4 per cent 8-hydroxyquinoline (‘‘ phenol’’ system (/)) as well as two-dimen- 
sional one with “‘ butanol’? and ‘phenol’? systems were also employed for qualitative 
analysis (see Table II). 

N-Terminal Analysis—Samples of iridine (2 to 5mg.) were dinitrophenylated according 
to the method described in a previous paper (method 3 in reference (2)). By a Beckman 
Model DU Spectrophotometer, the ratios of optical densities of the dinitrophenyl] (DNP-) 
proteins at 390my to those at 360my (R values) were measured in N HCl to deduce the 
N-terminal proline contents in the molecules (2). The amounts of DNP-groups introduced 
were calculated from the optical densities at 375my, the absorption maximum of prolyl 
peptides (see Table III). 


RESULTS AND DISCUSSION 


Sphectrophotometry at 210my—It is well known that amino acids, peptides 
or proteins have so-called end-absorptions in the region of 200-240 my (J9). 
Using a Beckman Model DU spectrophotometer or other ones of this type, 
however, it is hardly possible to get the true values of optical density in 
the region of wavelength smaller than 220my without any correction of 
stray radiations since the stray radiations in this region have large effects 
that differ with every apparatus. In our case (see experimental part), 
uncorrected absorption spectra as shown in Fig. 1 were obtained for iridine 


OPTICAL DENSITY 


210.8 2200" 230nuu240 
WAVELENGTH (mp) 


Fic. 1. Uncorrected ultraviolet absorption spec- 
tra of iridine solutions of various concentrations in 
0.45 M aqueous K,HPO,-1 N HCl (1:1, v/v). 


sulfate (preparation B). As the results of the effects, apparent peaks were 
observed near 210my, being gradually shifted to longer wavelengths with 
increasing concentrations of the solute*. Saidel et al. (19) observed analo- 


* Almost the same relations were observed in the case of an amino acid, arginine. 
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gous effects with an amino acid, glycine. 

As indicated in Fig. 2, a linear relationship was obtained at the wave 
length of 210my between the iridine concentrations and the uncorrected 
values of the optical density, 0-1.0*. Under a restrictedly constant condi- 
tion, therefore, iridine could be assayed by spectrophotometry in the region 
of end-absorption, and the method was successfully used for tracing the 
elution chromatograms of the protein** (Figs. 3 and 6). 


210. 
> 
alec 
ia) 
Pa 
us 220 
0.8 
aol 
<x 
© 205 
o 
Oo 
0) 
0) 00! 0.02 0.03 


CONCENTRATION (%) 


Fic. 2. Relations between the concentration of 
iridine and the uncorrected optical density at different 
wavelengths in 0.45 M aqueous K,HPO,-1 N HCl (1: 1, 


v/v). 


Chromatographic Fractionation of Iridine—When purified clupeine sulfate, 
hydrochloride or bicarbonate was eluted with 0.454 aqueous potassium 
hydrogen phosphate, according to Scanes and Tozer (//), from a column 
of alumina suspended in water, a fraction (W) was always found with the 
hold-up volume of the column, and the chromatographic resolution was 
sometimes irregular. When, however, the protamine was eluted from the 
buffered alumina, better resolution was achieved with good reproducibility 
for each form of the protein salts. Thus in the case of the chromatography 
of iridine, elution from the buffered alumina was always made. 

Fraction W from crude iridine eluted with the hold-up volume of the 
buffered column (Fig. 3a) has an absorption spectrum characteristic of 
nucleic acid as shown in Fig. 4, although the fraction was positive in the 
Sakaguchi reaction (/6) which is due to arginine. Fraction X in Fig. 3a 
seems to be non-iridine components or fragments of iridine, since this frac- 
tion was not formed from purified iridine (preparation B) or the samples 
from the plasmolyzed nuclei (preparation C and C;’). 

Fractions Y and Z (Fig.3) correspond chromatographically to the main 
peaks of purified iridine (Fig. 5a) or those of the extracts from the plasmo- 
lyzed nuclei (Figs. 5b and 6). These chromatographic fractions, as well as 


* See foot-note of page 890. 
** Recently, Tombs et al. (20) reported almost the same procedure for the similar 


purpose. 
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all the preparations examined, have the amino acid compositions character- 


—e— 210 mu 
—x— 260 mu 


Preparation A 


OPTICAL DENSITY 


(Ci eo 500 700 900 1100 1300 
EFFLUENT ( ml.) 


60" 70> 1150. "200 250 S00 SEO= 400. 450 


OPTICAL DENSITY (at 210 mp) 


50. TOO ISO. 


EFFLUENT Cm.) 

Fic. 3. Preparative scale chromatography (a) of crude iridine (preparation A), and 
rechromatography of fractions Y (b) and Z (c) on buffered alumina columns (1.0) 78cm. 
in a, and 0.6,x78cm. in b or c) at 25°. As an eluent buffer, an 0.45 M aqueous K,HPO, 
was used. To each aliquot of effluent fractions, an equal volume of N HCl was added, 
and optical density of the solution was measured at 210 (—@—) and 260myp (—x-—.). 


istic of iridine (Table II) and possess only proline in their N-termini* as 
deduced from the R-values (0.96 to 1.01, see Table III). 

Judged from the rechromatographic behaviors of fractions Y and Z 
(Figs. 3b and c) and from their amino acid compositions (Table II), it may 
be concluded that iridine was really fractionated by alumina chromato- 
graphy to some components**. 


* The molecular weight of pure iridine sulfate (preparation B) was calculated to be 
6,000, assuming that £375mp of DNP-prolyl peptides is 1.75 x 104 (2). 

** No difference was found among the assumed values of molecular weight of frac- 
tions Y, M and Z calculated from the amounts of DNP-groups introduced, although as 
shown in Table III, anomalously low values were observed. 
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Fic. 4. Absorption spectra of fractions W 
(curve a) and Y (curve b). 
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Fic. 5. Analytical scale chromatography of iridine preparations obtained 
under neutral (a) and weakly acid (b) conditions (from preparations B and C,, 
respectively ; see the text). Iridine was eluted from buffered alumina columns 
(0.6, 31cm. in both cases) with an 0.45M aqueous KPO} mateez Owe Lhe 
iridine contents in effluent fractions were assayed by retention analysis using 


ponceau 6RF (--O-~-). 
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--o-- Retention analysis 
—~ 210 mu 
—x— 260 mu 


(mm2/0.01 ml.) 
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Fic. 6. Chromatographic comparison of iridine preparations (C2, C,, C,’) 
extracted from the cell nuclei of sperm from different individuals (a and b), 
and of a testis from the same individual (c), respectively (see the text). 
matographic conditions were the same as in Fig. 5, and the symbols are the 


same as in Figs. 3 and 5, 


SUNsie09, JUL 


Chro- 


Amino Acid Composition* 
Sample 
Val Ala Tleu Leu Asp Glu 
Tridine 
Preparation A J 0832 0.2, 0.05 (+) (Gs) 
a B 1 0.55 0.2, 0.0, Ge) (=) 
- C, 1 0.3, 0.1, 0.0, (=) (S} 
eS GC. 1 0.4, OA 0.0, G) (=} 
o CM 1 0.33 0.2, 0.0, (+) (a) 
Fraction Y 1 0.6, 0.65 0.0, (—) (—) 
Ps M 1 0.4, 0.1, 0.05 (C) (>) 
5 Z 1 0.45 0.2, 0.05 (-) C) 
Sperm Nuclei | 
Preparation C,’ (+4) (++) (+H) (+) (+) Gs) 


* Tn all specimens, Arg, Ser, Gly and Pro were also detected besides the 
above. Figures in the table denote the relative molar ratios of amino acids 
(Val = 1) by densitometry of the paper chromatograms, and the symbols (+), 
(+) ete. represent the relative ninhydrin color values by visual comparison of 


the spots. 
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TaBLeE III 


Characterization of Dinitrophenylated Iridine 


Reaction Amax DNP-groups 


Sample* condition” (my) R-value” introduced” 
Preparation B I 376 | 1.01 | 

és B 7 375 0.99 | .0.99 
s B | II 375 | 0.962 41 1.01 
‘3 C, I 376 1.00 1.05 
3 C; II 374 0.96 0.96 
“4 C,! Ul 375 0.97 0.98 
Fraction Y I 375 0.97 0.79 
Sxreet I 376 0.99 0.81 
Z I 376 1.00 0.81 


* See the experimental part. 

1) Condition I: 0.7 % solution of iridine was dinitrophenylated by 0.5% 
solution of 2,4-dinitrofluorobenzene in 1.4% aqueous NaHCO-ethanol (1:1, 
v/v) at 25° for 20 hours. Condition II: 0.3% solution of the protein was al- 
lowed to react with 1% solution of the reagent, similarly. 

2) The ratio of the optical density at 390my to that at 360my. ef. re- 
ference (2). 

3) Relative value of the optical density at 375my per a definite amount 


of the samples. 


aig ie 
fmm 


Fic. 7. Electron micrograph of the isolated sperm nuclei 


Son 


from a single rainbow-trout (preparation C,’). 
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The chromatographic recovery of iridine based on the spectrophotometry 
at 210 mp was nearly 100%*, although a non-eluted and Sakag uchi-positive 
fraction adsorbed onto the top of a column was detected and a trace of an 
insoluble fraction in 0.4544 aqueous potassium hydrogen phosphate was 
obtained in cases of impure samples (preparations A, C and C’3). 

Heterogeneity of Iridine—Considerations were made on some _ probable 
origins of the heterogeneity of iridine. 

First, the isolated sperm nuclei prepared through preparation C’; from 
individuals were electronmicroscopically homogeneous (Fig. 7), and the 
amino acid composition of the nuclei agreed with the data of Ando and 
Hashimoto (73), and of Felix (7). Therefore; the possibility sof the 
heterogeneity of iridine due to the contamination of non-nuclear compo- 
nents would be excluded. 

Secondly, each of iridine preparations extracted under a neutral (pre- 
paration B) or weakly acid (preparation C,) condition, as well as under a 
strongly acid one (preparations C,, C; and C’;), was chromatographically 
heterogeneous as shown in Figs. 5 and 6. Accordingly it may be inferred 
that the heterogeneity exists regardless of the conditions of extraction. 

Third, the possibility of the heterogeneity derived from different 
maturity stages of the testes can be excluded, since only the matured 
materials were used in our experiments. Moreover, no difference was 
observed chromatographically (Figs. 6b and c) as well as in the amino acid 
compositions (Table II) between the iridine preparations from a testis and 
from the seminal fluid of the same individual. 

Lastly, every preparation from individual fish was chromatographically 
heterogeneous as indicated in Figs. 5b, 6a, b and c. Similar result has been 
obtained with clupeine from a pair of testis of a single herring (3) and 
will be reported later elsewhere. Although the samples of iridine obtained 
under the same condition, but from two different individuals, seem to be 
somewhat different from each other (see Figs. 6a and b), it would be too 
hasty to draw any conclusions about the genetically controlled individual 
differences of iridine, as has lately been observed in some proteins such as 
mammalian hemoglobins (2/-23), serum proteins (24-26), or f-lactoglobulin 
Os 

Thus, it would be concluded with highest probability that the hetero- 
geneity is an intrinsic character of iridine (or protamine) and is directly 
connected with the variety of the chemical pathways of its biosynthesis, 
although there still remains some possibilities of the enzymic degradation of 
the molecule during the isolation of the sperm nuclei. Such a heterogeneity 
may be in part the result from the “homologous substitutions” of amino 
acids suggested by Waldschmidt-Leitz and Gudernatsch for 
clupeine (28). 

In connection with the heterogeneity of protamines, there remains a 


* The chromatographic recoveries were as follows: 100.0% (Fig. 3a), 105% (Fig. 6a) 
and 94.9% (Fig. 6c). 
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question to be elucidated in future, whether or not such heterogeneity is 
an essential feature generally found for a large number of proteins such as 
muscle and sera, eéc., consisting in the most parts of organisms, while in 
contrast a group of so-called active proteins including enzymes and hormones, 
etc. have a definite chemical structure, respectively. 


SUMMARY 


For the purpose of tracing the origin of the heterogeneity of protamines, 
the chromatographic behaviors of some specimens of iridine prepared 
separately from three individuals of mature rainbow-trouts (Salmo irideus) 
were examined. Inidine was eluted with 0.45 4 aqueous potassium hydrogen 
phosphate from a buffered alumina column. All the samples examined 
were chromatographically heterogeneous (Fig. 6), and it was shown that 
iridine from a single fish is essentially a mixture of some components, of 
which the amino acid compositions somewhat differ from each other 
(Table II), while no difference can be found among their N-terminal residues 
(Table III). Some discussions were made on the origin of the heterogeneity 
of iridine. 


The authors are indebted to Mr. T. Matsumoto, the superintendent of Okutama 
Branch of the Tokyo City Fisheries Experimental Station, for the materials, and also to 
Mr. S. Sakata of the Laboratory of Electron Microscopy in this university for electron 
microscopic techniques. The expense of this work was aided in part by the Scientific 
Research Grant from the Ministry of Education in Japan. 
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EFFECT OF PH, TEMPERATURE AND UREA ON ACTIVATION 
OF MYOSIN B-ADENOSINETRIPHOSPHATASE BY 
p-CHLOROMERCURIBENZOATE* 


By YUJI TONOMURA anp KENTARO FURUYA** 


(From the Research Institute for Catalysis, University of Hokkaido, Sapporo) 


(Received for publication, September 12, 1960) 


Kielley and Bradley (JZ) found that in the presence of Cat*+ myo- 
sin-ATPase activity was significantly enhanced, when one half of the SH 
groups in myosin was titrated with PCMB, while it was completely suppress- 
ed when all of the SH-groups were titrated, and that the inhibition 
occurred only when EDTA was employed as an activator(2-4). It was 
also reported that DNP (5-7) and AET (8) gave an activation to ATPase 
similar to that by PCMB. 

In a previous paper (9), Nihei and Tonomura indicated that the 
effects of chelating reagents, such as EDTA and PP, and sulfhydryl reagents, 
such as PCMB and AET, share the following common characteristics: (1) 
the increase of the maximum velocity in their presence is accompanied by 
an increase of the Michaelis constant and (ii) in their presence the pH- 
activity curve lacks the depression near the neutral region which is charac- 
teristic to ATPase and the ratio of the rate in the presence to the one in 
the absence of these activators versus pH gives a bell-shaped curve. To explain 
these and several other facts, Nihei and Tonomura proposed a reaction 
scheme for ATPase. Recently Blum (JO) studied the reaction of PCMB with 
myosin in detail and suggested a conformational change around the active 
site of ATPase by PCMB. 

In spite of these studies, many points remain to be explained in the 
reaction of PCMB with ATPase. Therefore, the present authors have inves- 
tigated the effects of temperature, pH and urea on the activation of myo- 
sin B-ATPase by PCMB and obtained the following results: (i) the SH 
groups of myosin are heterogeneous with respect to binding of PCMB, (11) 
the activation by PCMB occurs only in the neutral pH range and (ili) myo- 
sin B-ATPase is more readily denatured by urea in the presence than in 
the absence of PCMB. 


* The following abbreviations are used: ATP; adenosine triphosphate, PCMB; 
p-chloromercuribenzoate, EDTA; ethylenediamine tetraacetic acid, DNP; 2, 4-dinitrophenol, 
AET ; S-$-amino-ethylisothiuronium, i P inorganic orthophosphate and PP inorganic pyro- 
phosphate. 

**Present address (K. F.): First Department of Internal Medicine, Faculty of Medi- 
cine, Hokkaido University. 
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EXPERIMENTAL 


Throughout this work the materials and methods used were similar to the standard 
ones of this laboratory (9, 17, 12). The 24 hours extracted myosin B (natural actomyo- 
sin) was prepared from rabbit skeletal muscle. The protein was stored at 0° in a con- 
centrated solution, using 0.6 M KCl of pH 6.4 as medium. 

ATP used was the product of Sigma Co. A commercial preparation of PCMB was 
purified by the method described by Boyer (/3). 

Before the ATPase assay myosin B was treated with PCMB at pH 6.7 and 20° in 0.8 
M KCI for 15 or 30 minutes, unless otherwise stated. The activity of ATPase was measured 
in the reaction mixture which contained 0.6M@ KCl, 7mM CaCl,, 0.028M@ of Tris- 
aminomethane maleate or Atkins-Pantins buffer, 1m ATP and 0.25mg./ml. of 
the protein. The i P liberated was measured by means of the Martin-Doty method 
(14). 

The protein content was calculated from the micro-Kjeldahl1 nitrogen determination. 

The amount of PCMB bound to the SH groups was measured colorimetrically by 
following the procedure of Boyer (/3). 


RESULTS 


Time-Course of PCMB-Binding—Fig. 1 shows the time-course of the bind- 
ing of PCMB to myosin B at several pH values. The velocity of binding was 
greater at pH 9 than at pH 6and 7. The amount of SH groups titratable 


OPTICAL DENSITY 


0) 5 10 15 
TIME ( minutes ) 


Fic. 1. Time-course of binding of PCMB followed by 
Boyer’s method. 

Myosin B, 0.95mg./ml.: PCMB, 8x10-4*M. 0.8M KCl, 
room temperature. No buffer solution was used. —@—, pH 
6.2; —O—, pH 7.0; —x—, pH 8.9. 


with PCMB was from 6 to 8 moles per 10°g. of protein, though it decreased 
gradually with the storage of the protein at 0° as already indicated by 
several other investigators (10). 
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Effect of pH—In Fig. 2 is shown in what manner the ATPase activity 
at pH 7.3 of myosin B was affected by the pretreatment with PCMB at 


( pmoles iP/sec./g. ) 


0 2 4 6 
PCMB (moles /10°g. protein) 


Fic. 2. Activation of ATPase at pH 7.3 by binding 
of PCMB at various pH values. 

Binding of PCMB: 0.8 M KCI, 20°, 15 minutes. 
—@—, pH 6.0; —@—, pH 6.7; —OC—, pH 8.0; 
--X--, pH 9.45. Assay of ATPase: 0.6 M@ KCl, 7 mM 
(Chives tse VOONI lee joel 7sam AU 


various pH values. The amount of PCMB for maximum activation decreas- 
ed with a decrease in the pH of the PCMB-treatment. 

On the other hand, in Fig. 3 are shown the effects of PCMB on ATPase 
at various pH values of myosin B which had been preteated with PCMB 
at a constant pH. Now, we define the degree of the activation by PCMB 
as the ratio of the observed activity at a constant amount of PCMB to the 
activity indicated on the straight line connecting the point on the abscissa 
where the concentration of PCMB is zero and the point on the ordinate 
where the activity becomes to be zero. In Fig. 4 the maximum values of 
the degree of activation by P@MB thus defined are plotted against pH. 
As may be seen, the curve thus obtained has its optimum at pH 7.8. 

Effect of Temperature—Gilmour and Griffiths(7) reported that PCMB 
and DNP did not enhance myosin-ATPase when ATPase was assayed at 0°. 
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Fic. 3. Activation of ATPase at fon 
various pH values by binding of PC- = 
MB at pH 6.7. 3) 

Binding of PCMB: 0.8 M KCI, ~ 
pH 6.7, 20°, 30 minutes. Assay of ATP- = 
ase: 0.6 M KCl, 7mM Catt, 1 mM i) 
ATP, 20°. —@—, pH 5.7; —@-—. 3 
pH 6.45; —O—, pH 7.3; --A--, = 
pH 7.6; ----- A=---— py, foal <i57/ B =; 
See 9S 
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Fic. 4. Dependence on pH of 10 
maximum value of degree of ac- On 
tivation by PCMB. alee 
Binding of PCMB: 08 M 22 
KCl, pH 6.7, 20°, 30 minutes. 7< 
Assay of ATPase, 0.6 M KCl, ES Be 
7 mM Catt, 1 mM ATP, 20°. Sst 
See 
xO 
PEE 
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Their observation was confirmed here (Fig. 5). Furthermore, as presented in 
Fig. 5, the activation by PCMB was much smaller when PCMB was bound 


to myosin B at 0° than when at 15°, even if the ATPase activity was mea- 
sured at a constant temperature, i.e. 15°. 
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Fic. 5. Effect of temperature on activation by 
PCMB. 

Binding of PCMB: 0.8 M KCl, pH 7.6. Assay of 
ATPase: 0.6 M@ KCl, 7mM Ca**, 1mM ATP, pH 7.6. 
—Q-—, both binding of PCMB and assay of ATPase 
at 15°; —@—, binding of PCMB at 0° and assay of 
ATPase at 15°; —x-—, binding of PCMB at 15° and 
assay of ATPase at 0°. 


30 
= 
aap 7 
2 
1S) 
Fic. 6. Decrease of ATPase activity a 
on addition of urea. = 
Assay of ATPase: 0.6 M KCl, 7 ~ 
mM Catt, 1 mM ATP, pH 7.6, 20°. @ 
Treatment, for 15 minutes with PCMB = 
and for 10 minutes with urea at 20°. +10 
—O—, control; —@—, 0.625 M urea; oa 
—@—, 2.5 M urea. 
0 2 4 6 


PCMB ( moles /10°g. protein ) 
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Effect of Urea—Fig. 6 shows the effect of urea on the ATPase activity in 
the presence of various amounts of PCMB. In the absence of PCMB, 90.62 
M of urea decreased the ATPase activity only slightly, but in the presence 
of 4.5 moles PCMB per 10° g. of protein, it decreased the ATPase activity 
considerably. In the absence of PCMB, the ATPase activity was decreased 
to about 30 per cent of the control, but in the presence of 4.5 moles PCMB 
per 10° g. of protein it was depressed completely by the addition of 25 M 
of urea. 


DISCUSSION 


From their results on the effect of PCMB on myosin-ATPase, Kiel- 
ley and Bradley (J) concluded that two kinds of SH groups were involv- 
ed in the active site of ATPase. 


Nihei and Tonomura (9) proposed the following reaction scheme 
for ATPase: 


E+ATP=—E,ATP——~E+ADP-+ iP 
(1) 
E,ATP 

where E stands for the functional unit of the enzyme containing two 
kinds of site, 1 and 2*. When ATP combines with site 1, it is hydro- 
lyzed. Therefore ATPase is inhibited by a modifier which combines 
with site 1. On the other hand, the binding of ATP to site 2 stabilizes 
the Michaelis complex of ATPase, and when a modifier combines 
with site 2 both the maximum velocity and the Michaelis constant in- 
crease. 

As shown in Figs. 2 and 5, the ATPase activity varied considerably with 
the conditions of the combination of PCMB (i.e. temperature and pH), even 
if it was measured under a constant condition. This indicates that the SH 
groups in myosin are heterogeneous and the SH group involved in site 2 is 
somewhat different from the SH group in general with respect to the effects 
of temperature and pH on the PCMB-binding. Gilmour (J8) has recently 
deduced a similar conclusion from his observations on the time-course of 
binding of PCMB to myosin A and the activation of ATPase by PCMB. 

One of the present authors (9) deduced from the kinetic analysis that 
the dependence on pH of the reaction E;,ATP=—=E,ATP is demonstrated 
by a curve having a distinct optimum at about pH 8. Ifthe reaction scheme 
(1) is correct, the activation by a modifier, which combines to site 2, should 
have its optimum at about pH 8 and decrease both in the alkaline and the 
acid sides. This deduction is satisfactorily explained by the data presented 
in Fig. 4, 

The effect of urea (Fig. 6) shows that PCMB renders the conformation 
of the active site looser than the original one. A similar conclusion has re- 


* For the structure of the active site see ref. 15-17. 
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cently been deduced by Blum (JO). 


SUMMARY 


1. Effects of temperature and pH on the combination of PCMB and 
the activation caused thereby of ATPase indicated the heterogeneity of the 
SH groups in myosin B. 

2. When the SH groups of myosin B were titrated with PCMB at a 
constant pH and ATPase was assayed at various pH values, the dependence 
on pH of the maximum value of the degree of activation of ATPase by 
PCMA showed a bell-shaped curve, having its optimum at pH 7.8. 

3. In the presence of PCMB, myosin B-ATPase was more readily dena- 
tured by urea than in the absence of PCMB. 
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Using proteins as substrates, the specificity of Streptomyces griseus pro- 
tease was investigated by the authors, and the results obtained were reported 
in the preceding paper (/). From these data, it was confirmed that the 
protease has an extremely broad substrate specificity and is capable of 
hydrolysing almost all peptide-bonds in protein, until the majority of the 
amino acids constructing the protein are liberated as the respective free 
amino acids. 

The above information seems to induce a possible assumption that 
Streptomyces griseus protease may be able to hydrolyse not only the internal 
peptide-bonds of protein but also the terminal peptide-bonds of oligopep- 
tides, including di- and tri-peptides. It was also supposed that the majority 
of substrate specificities of the well-known proteinases and peptidases, eg. 
trypsin, chymotrypsin, pepsin, carboxypeptidase, aminopeptidase, efc., may 
be included in the range of specificity of Streptomyces griseus protease. 

Since many synthetic oligopeptides have been used for the determina- 
tion of the specificity of proteinases and peptidases (2), further accurate 
discussion on the above consideration may be brought about from the 
detailed experiments in which synthetic oligopeptides are used as substrates. 
This approach has been carried out by the authors and the results obtained 
are presented in this papar, together with some information on the kinetic 
properties of the present protease. 


MATERIALS AND METHODS 


Enzyme—Streptomyces griseus protease used for the present work is a highly purified, 
lyophilized preparation which has been prepared as described previously (3), and con- 
firmed to be homogeneous by ultracentrifugal, electrophoretic and enzymological analyses 
(3). 

Synthetic Substrates—The majority of the synthetic oligopeptides and their analogs 
used were donated by various laboratories of biochemistry in Japan, and the remaining 
necessary substrates used were the commercially available articles of high purity. 


* A large part of the data was published in Japanese in the Reports of the Institute of 
Physical and Chemical Research, 35, 261 (1959). 
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Assay for Extent of Hydrolysis—One ml. of the enzyme solution containing 0.44 mg. of 
protein nitrogen was mixed with 1 ml. of 0.1 M substrate solution and allowed to react at 
pH 7.0-7.2, at 40° for 24 hours, excepting the case of hydrolysis of fatty acid esters. In 
the latter case, the concentration of the enzyme and of the substrate was 0.13mg. of 
protein nitrogen per ml. and 0.l1mmole per ml. (final concentration), respectively, and 
the reactions were carried out at pH 7.4, at 30° for 24 hours. 

After reactions, the extent of hydrolysis of the peptide-bonds was determined by the 
Grassmann-Heydes’s micro alcohol titration method (4) or by the Cocking- 
Yemm’s ninhydrin colorimetric method (5). The extent of hydrolysis of amide-bonds 
and of ester-bonds was also determined by the Conway’s micro diffusion method (6) 
and by the Matsubara’s formol titration method (7), respectively. Isolation of the 
digestion products was carried out by the usual paper chromatography and checked by 
ninhydrin reagent. When a substrate was scarce or insoluble in water, the extent of 
hydrolysis was judged semi-qualitatively from the results of paper chromatography. 


RESULTS AND DISCUSSION 


Substrate Specificity of Streptomyces Griseus Protease—Using many kinds of 
dipeptides, tripeptides, amino acidamides, amino acid esters, fatty acid esters 
and their analogs as substrates, the extent of hydrolysis in 24 hours by 
Streptomyces griseus protease has been examined and the results obtained are 
summarized in Table I. As shown in the Table, the present protease was 
found capable of hydrolysing various kinds of oligopeptides and their analogs, 
aS was anticipated. The protease was also found to possess amidase activ- 
ity and esterase activity. Further close inspection of these data showed 
a number of interesting observations on the present subject. 

1. It was reported that pepsin tends to hydrolyse those peptide-bonds 
involving the carboxyl group of an acidic amino acid (e.g. L-glutamic acid) 
and the amino group of an aromatic amino acid (¢g. L-tyrosine or L- 
phenylalanine), and that amidation of the C-terminal carboxyl group or the 
presence of a free a-amino group near the bond in question tends to 
prevent the action of pepsin (2, 8). Streptomyces griseus protease was also 
found to split the same peptide-bonds as described above but the enzyme 
activity is not injured by the amidation of the C-terminal carboxyl group 
of the substrate or by the presence of the neighboring free a-amino group, 
as is shown by the fact that it is capable of hydrolysin not only carbo- 
benzoxy-L-glutamyl-L-tyrosine (a typical substrate of pepsin), but also L- 
glutamyl-t-tyrosine and L-glutamyl-L-tyrosinamide. 

Trypsin hydrolyses bonds (not necessarily peptide-bonds) involving the 
carboxyl groups of the amino acids, arginine and lysine (2, 9-/5). Substitu- 
tion of the a-amino group of the basic amino acid residues facilitates the 
action of trypsin. Streptomyces griseus protease was also proved to rapidly 
hydrolyse benzoyl-t-arginine methyl ester, L-arginyl-glycine, L-arginyl-L- 
leucine and t-arginyl-t-phenylalanine. This shows that the present pro- 
tease has the similar specificity as trypsin but, unlike the case of trypsin, 
the presence of the neighboring free a-amino group has no effect on the 
enzyme action. 
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Chymotrypsin hydrolyses amides and esters as well as peptides, showing 
a marked preference for bonds involving the carboxyl groups of aromatic 
amino acids (2, /4-18). In general, acylation of the a-amino group of the 
aromatic amino acid increases the action of chymotrypsin, similar to the 
case of pepsin. Streptomyces griseus protease was also found to hydrolyse 
carbobenzoxy-L-tyrosyl-glycinamide (a typical substrate of chymotrypsin), 
slycyl-L-tyrosinamide, L-alany]l-L-tyrosinamide, L-glutamyl-z-tyrosinamide, L- 
phenylalanyl-t-arginine, pt-phenylalanyl-glycine, pt-phenylalanyl-pi-alanine, 
phthaloyl-pt-phenylalanyl-pi-alanine, glycyl-L-tyrosine ethyl ester, ¢eéc. The 
specificity of the present protease appears to resemble that of chymotrypsin 
but the action is never prevented by the presence of the neighboring free 
a-amino group. 

Some of the specific substrates of papain (2) and cathepsin C (2) were 
also hydrolysed by the present protease. 

From the above information, it was proved that Streptomyces griseus pro- 
tease has inclusively the majority of the substrate specificities of the well- 
known endo-peptidases and is capable of hydrolysing almost all bonds split 
by those enzymes. This consideration is also supported by the experimental 
results described in a preceding paper (/). 

2. Streptomyces griseus protease also hydrolyses a number of substances 
proposed as ‘specific substrates’ for glycyl-leucine dipeptidase (¢.g. glycyl- 
L-leucine) (/9), for iminodipeptidase (¢.g. L-prolyl-L-valine, L-prolyl-L-leucine, 
L-prolyl-L-arginine, L-prolyl-L-tyrosine, etc.) (2, 20), for leucine aminopeptidase 
(e.g. L-leucyl-glycine, L-leucyl-glycyl-glycine, L-leucyl-L-alanine, L-leucinamide, 
L-norleucinamide, etc.) (2, 21), for aminotripeptidase (¢.g. glycyl-glycyl-glycine, 
pi-alanyl-glycyl-glycine, t-leucyl-glycyl-glycine, etc.) (2, 22), and for carboxy- 
peptidase (eg. glycyl-glycyl-t-tyrosine, phthaloyl-glycyl-L-phenylalanine, 
phthaloyl-pi-alanyl-pi-phenylalanine, carbobenzoxy-glycyl-L-tyrosine, etc.) (2, 
23-26), showing that the present protease possesses conclusively the substrate 
specificities of the above mentioned exo-peptidases. 

Carboxypeptidase and aminopeptidases always hydrolyse tripeptides 
from the C-terminal end and from the N-terminal end, respectively, while 
the present proteanse was found capable of removing amino acid residue 
from the optional terminal end, according to the amino acid sequence of the 
given tripeptide. For example, the present protease hydrolysed L-leucyl-glycyl- 
glycine from the N-terminal end while glycyl-glycyl-L-leucine was hydrolysed 
from the C-terminal end. Such an unrestricted specificity as above has 
been never found in any previously isolated exo-peptidase and is regarded 
as one of the distinctive traits of the present protease. 

3. Streptomyces griseus protease seems to split some of the peptide-bonds 
involving D-amino acid residues. This is shown by the fact that the extent 
of hydrolysis of glycyl-pt-norleucine, pu-valyl-glycine, DL-alany|l-pL-pheny]- 
alanine, efc. reached for more than 100 per cent, when the experimental 
values obtained were calculated only for hydrolysis of peptide-bonds in- 
volving L-amino acid residues. 
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Tas_e I 
Specificity of Steptomyces Griseus Protease 


| Hydrolysis” 


Substrate? | (%) Assay? | Isolation of Products” 
Dipeptides 
Gly-Gly 3 G Gly-Gly, (Gly) 
Gly-pt-Ala 20 G | Gly, Ala, Gly-Ala 
Gly-pt-Val | 39 G I Gly, Val, Gly-Val 
Gly-t-Leu 102 G Gly, Leu 
Gly-pt-Norleu | 150 | G Gly, Norleu 
pi-Ala-Gly | 90 | G Ala, Gly 
p-Ala-L-Ala + P Ala, Ala-Ala 
pL-Ala-L-Leu 121 G Ala, Leu 
pL-Val-Gly | 143 | G | Wal, Gly 
pt-But-Gly = 18 G But, Gly 
t-Leu-Gly 40 G Leu, Gly 
p-Leu-Gly 4) G Leu-Gly 
L-Leu-L-Ala HH Pr Leu, Ala 
Gly-L-Asp 40 G Gly, Asp 
pi-Ala-pL-Glu (3) G Ala-Glu 
pi-Ala-L-Arg 4 | P Ala, Arg 
L-Leu-L-Arg 44 1e Leu, Arg 
Lt-Arg-Gly + P Arg, Gly, Arg-Gly 
L-Arg-L-Leu alt P | Arg, Leu 
L-Arg-L-Phe | ty ie | Arg, Phe 
L-Phe-L-Arg +h | P Phe, Arg 
pu-Phe-Gly 25 G | Phe, Gly, Phe-Gly 
pDL-Phe-pi-Ala 58 G Phe, Ala, Phe-Ala 
pL-Ala-pL-Phe 130 G Ala, Phe, Ala-Phe 
Gly-t-Tyr a a Gly, Tyr 
L-Ala-LTyr ae | y Ala, Tyr 
B-Ala-L-Tyr 3 | G 6-Ala-Tyr 
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Substrate? ee Assay? Isolation of Products? 
t-Leu-L-Tyr 107 N Leu, Tyr 
u-Glu-L-Tyr | Ht P Glu, Tyr 
L-Pro-L-Tyr 80 N Pro, Tyr 
Lt-Hypro-L-Tyr | 101 N Hypro, Tyr 
L-Pro-t-Val | 12) | Proyevial 
»,  (diketopiperazine) | — 12 
L-Pro-L-Leu | ® Pro, Leu 
,,  (diketopiperazine) _ P 
L-Pro-L-Arg fe iB Bron ears 
Gly-u-Pro 0 G Gly-Pro 

Acyl-Amino Acids | 
Bz-Gly | 2 N 
Ac-Gly 2 N 
Bz-pu-Ala 2 N 
Ac-pt-Ala 2 N 
ClAc-pt-Ala 2 N 
Ac-pL-Val = Pp 
ClAc-pt-Val 2 N 
Bz-L-Leu D N | 
ClAc-Leu 4 N Leu 
Ac-pt-Met 2 N 
Cbz-u-Phe 2 | N 
ClAc-L-Tyr 3 | N Tyr 
Tripeptides and Their Analogs 
Gly-Gly-Gly 35 | G Gly, Gly-Gly 
Genetics be | P Gly-Gly, Leu 
Gl ee 17 G Gly-Gly, Tyr, Gly-Gly-Tyr 
pi-Ala-Gly.Gly | 60 | G Ala, Gly-Gly 
Brehamer 43 | G | Leu, Gly-Gly 
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Hydrolysis” 


Substrate? | (%) Assay®? Isolation of Products? 
SR ccioeee | 101 G Pro, Leu, Gly 
aie | + Pe Gly-Pro, Leu, Gly-Pro-Leu 
Leth reap | (5) G (Leu) 
Cbz-Gly-t-Hypro | (9) G (Hypro) 
Ba-Gly-Cly 2 = Gly 
Phth-Gly-pt-Ala le fe 66 N Ala 
PaeeGiy-ouvel | 67 N Val 
PhiieGty-pi-Lew | 64 N | Leu 
PRG LON 40 N | Glu 
Pheeiy eke | 71 N Phe 
Phith-Gly-ot-Phe | 97 | N Phe 
Phth-bueAL-DLPHE | 182 N Phe 
Pade sO ReeeALA | 125 N Ala 
ee 85 N Val 
cpnareve rate | ah o Gly-NH, 
Cbe-t-Glu-Gly (17) G (Gly) 
Gece: | 21 G Tyr 
Cbe-t.Glulsbe-.-CySH + P sbz-CySH 
Gr 1-Cia (NH) sora GySH 4 P | sbz-CySH 
Glutathione 0 | 
Che-sbet-CySHit-Ala +4 P | Ala 
ea ETS, Ah P Gly, Leu 
Amides 
Gly-NH, 6 ‘@ Gly-NH,, (Gly) 
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Substrate? a? a sis? Assay”? Isolation of Products* 
(a) . 
-Leu-NH, | 26 re! Leu, (Leu-NH.) 
$ | 24 G 
pi-Norleu-NH, | 51 Cc Norleu, (Norleu-NH,) 
Y 8 G 
Bz-L-Arg-NH, 8 CG 
! | 
Gly-L-Tyr-NH, | +t P Gly, Tyr 
aay | | | 
t-Ala-L-Tyr- NH; +t | 1 Ala, Tyr 
! | | 
u-Glu-L-Tyr-N H, Hh | 12 Glu, Tyr 
L-Glutamine 4 | G 
L-Asparagine 5 G 
Esters | 
Gly-OMe 30 G Gly 
| 
Bz-L-Arg-OMe 80 G 
| | 
Gly-t-Tyr-OEt + 1p Gly, Tyr 
CH;CO-OEt 1 F 
CH,-CO-OBu 1 F 
CH,CH,CH,CO-OMe 21 F 
CH;CH,CH,CO-OEt 17 F 
CH;CH,CH,CH,CO-OEt 11 F 


1) Abbreviations: Ac-, acetyl; But-, a-amino butyryl; Bz-, benzoyl; Cbz-, carbo- 
benzoxy; ClAc-, chloroacetyl; Phth-, phthaloyl; sbz-, S-benzyl; -NH,, amide; -OMe, 
methyl ester; -OEt, ethyl ester; -OBu, butyl ester. Sign | shows the point of splitting. 

2) Reactions were carried out at pH 7.0-7.2, at 40° for 24 hours, excepting in the 
case of hydrolysis of fatty acid esters. The concentrations of the substrate and of the 
enzyme were 0.05mmole per ml. and 0.22mg. of protein-N per ml., respectively. In 
the case of hydrolysis of fatty acid esters, reactions were carried out at pH 7.4 at 30° 
for 24 hours. The concentrations of the substrate and of the enzyme were 0.1 mmole 
per ml. and 0.13mg. of protein-N per ml., respectively. 

The numerical values for pt-compound show the extent of hydrolysis of bonds only 
involving L-isomers. The parentheses show uncertain values. The extent of hydrolysis 
is also indicated semi-qualitatively by the number of plus signs (4+, a perfect hydrolysis; 
++, a good hydrolysis; +, a poor hyprolysis; —, not hydrolysed). 

3) Abbreviations: G, the Grassmann-Heyde’s micro alcohol titration me- 
thod; N, the Cocking-Yemm’s ninhydrin colorimetric method; C, the Conway’s 
micro diffusion method; F, the Matsubara’s formol titration method; P, paper 
chromatography. 

4) Isolation of the digestion products was carried out by the usual paper chromato- 
graphy and checked by ninhydrin reagent. The parentheses show questionable amounts 
of the products. 
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The velocity of hydrolysis of peptide-bonds involving p-amino acid 
residues, however, seems to be very slow as is shown in the comparison of 
hydrolysis of p-leucyl-glycine and t-leucyl-glycine, or phthaloyl-glycyl-t- 
phenylalanine and phthaloyl-glycyl-pL-phenylalanine. 

4. ‘The peptide-bonds resisting the action of the present protease, so 
for as has been examined by the authors, were those of glycyl-glycine and 
glycyl-proline. This information seems to illustrate the fact that the extent 
of hydrolysis of gelatin by the present protease is always low and _ reaches 
a plateau of 30-40 per cent, whereas that of other proteins comes to 80 
per cent or more (J). 

5. The bonds involving acyl residues of N-acyl-amino acids and N- 
acyl-peptides are not split by the present protease. 

6. ‘Transposition of the free a-amino group of the N-terminal amino 
acid to §-position tends to prevent the enzyme action, as is shown by set- 
ting L-alanyl-L-tyrosine against $-alanyl-L-tyrosine. 

7. Diketopiperazine construction of dipeptides seems to resist the enzyme 
action. For example, the present protease was found capable of hydrolys- 
ing t-prolyl-t-valine and L-prolyl-t-leucine fairly well but never their 
diketopiperazine derivatives. 

8. The peptide-bond involving 7-carboxyl group of glutamic acid seems 
not to be split by the present protease. For example, carbobenzoxy-a-L- 
glutamyl1-S-benzyl-cysteine was hydrolysed fairly well but not 7-L-glutamyl- 
L-cysteinyl-glycine (glutathione). 

9. The present protease was found to hydrolyse some of the amino 
acidamides. Especially, the amide-bond involving the carboxyl group of 
tyrosine seems to be split almost completely. This is shown by the fact 
that the majority of tyrosine was observed to deposit as small needle cry- 
stals, during hydrolysis of glycyl-L-tyrosinamide, L-alanyl-L-tyrosinamide or 
L-glutamyl]-L-tyrosinamide. (The peptide-bonds of these substances are also 
split completely, as shown in Table I). 

The amide-bond of glutamine or asparagine is not hydrolysed by the 
present protease. Therefore, this enzyme is expected to serve for studying 
the actual form of monoamino-dicarboxylic acids in proteins. 

10. The present protease, like trypsin and chymotrypsin, hydrolyses 
esters as well as peptides but, unlike trypsin and chymotrypsin, it is not 
of high specificity and is capable of hydrolysing even organic acid esters, 
e.g. butyric acid methyl ester, valeric acid ethyl ester, et. The extent of 
hydrolysis of the esters seems not to be affected by the nature of the alcohol 
group, as is shown by setting acetic acid ethyl ester against butyric acid 
ethyl ester. Esters are split more rapidly than amides by the present 
protease, as is shown in the comparison of hydrolysis of glycine methyl 
ester and glycinamide, or benzoyl-t-arginine methyl ester and benzoyl- 
L-argininamide. 

During the hydrolysis of soybean meal or other impure proteins by 
the present protease, a notable decrease of the pH of the reaction mixture 
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has been often observed. This phenomenon seems to be explainable on 
the basis of the above data. 

ll. Considering the above data together with those concerning the ve- 
locity of hydrolysis of proteins (J), the present protease is capable of split- 
ting not only the terminal peptide-bonds but also the internal bonds of 
proteins. This consideration is also supported by the fact that hydrolosis 
of carbobenzoxy-L-tyrosyl-glycinamide produces carbobenzoxy-L-tyrosine and 
glycinamide, as the resulting products. Although all peptidases (including 
proteinases) previously isolated have been classified into two groups, 1.¢., 
endo-peptidase and exo-peptidase, according to the Bergmann’s classi- 
fication (27), the present protease seems to be a peptidase of a new type 


HYDROLYSIS OF PEPTIDE (%) 
(%) Y3LS3 JO SISATOYGAH 


pH 


Fic. 1. Relation between pH and enzyme activity of Strepto- 
myces griseus protease. 

(A) Glycyl-u-leucine was used as a substrate. The concentra- 
tions of the substrate and of the enzyme were 0.05m mole per ml. 
and 0.22mg. of protein-N per ml., respectively. The solutions 
were bufferred at various pH by 0.05 M trisaminomethane-acetic 
acid-ammonia buffers. Reactions were carried out at 40° for 2 
hours. The extent of hydrolysis was determined by the method 
of Grassmann and Heyde. 

(B) Carbobenzoxy-.-glutamyl-L-tyrosine was used as a sub- 
strate. The concentrations of the substrate and of the enzyme 
were 0.005mmole per ml. and 0.011 mg. of protein-N per ml., 
respectively. The solutions were buffered at various pH by 0.01 M@ 
trisaminomethane-acetic acid-ammonia buffers. Reactions were 
carried out at 40° for 3 hours. The extent of hydrolysis was de- 
termined by the method of Cocking and Yemm. 

(C) Butyric acid methyl ester was used as a substrate. The 
concentrations of the substrate and of the enzyme were 0.01 ml. per 
ml. and 0.15mg. of protein-N per ml., respectively. The solutions 
were buffered at various pH by 0.02 M trisaminomethane-acetic 
acid-ammonia buffers. Reactions were carried out at 40° for one 


hour. The extent of hydrolysis was determind by the method of 
Matsubara. 
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which does not belong to the traditional classification. 

These distinctive characters of the present protease may be ascribed 
to the particular configuration and construction of the active groups of the 
enzyme which have few steric hindrances to the formation of the enzyme- 
substrate combination. 

Enzyme Activity and pH—The relation between pH and enzyme activity 
of Streptomyces griseus protease was determined by use of synthetic substances 
as substrates (Fig. 1). The protease showed the maximum activity at pH 
8.5, 8.2 and 8.5-9.3 for glycyl-t-leucine, carbobenzoxy-.-glutamyl-L-tyrosine 
and butyric acid methyl ester, respectively, showng a fair agreement with 
the case in which casein was used for a substrate (28). 
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Fic. 2. Hydrolysis of glycyl-u-leu- Fic. 3. Hydrolysis of carbobenzoxy- 


cine at various concentrations of Strepto- 
myces griseus protease. 

The concentration of the enzyme 
used was 0.11 mg., 0.165mg. and 0.22 
mg. of protein-N per ml. in the case of 
(A), (B) and (C), respectively. 

In each case, the concentration of 
the substrate was 0.05mmole per ml. 
Reactions were carried out at pH 8.3, 
at 40° and the liberated carboxyl groups 
were determined by the method of 
Grassmann and Heyde. 

In this figure, a is the initial cocent- 
ration of the substrate and x is the con- 
centration of the hydrolysed substrate. 


L-glutamyl-L-tyrosine at various concen- 
trations of Streptomyces griseus protease. 

The concentration of the enzyme 
used was 0.088mg., 0.175mg. and 0.350 
mg. of protein-N per ml. in the case of 
(A), (B) and (C), respectively. 

In each case, the concetration of the 
substrate was 0.005m mole per ml. Reac- 
tions were carried out at pH 8.2, at 
40° and the liberated amino groups were 
determined by the method of Cocking 
and Yemm. 

In this figure, a is the initial con- 
centration of the substrate and x is the 
concentration of the hydrolysed substrate. 


Some Kinetic Properties of Streptomyces Griseus Protease—Using glycyl-L- 
leucine as a substrate, the kinetics of the action of the present protease was 
determined as follows: 
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Experiments performed under suitable conditions have shown that first 
order kinetics is actually obtained for the hydrolysis of glycyl-1-leucine 
(Fig. 2), and the proteolytic coefficient (29) was computed to be Cez=3.34X 
10-2 from the data in Fig. 2. With carbobenzoxy-L-glutamyl-L-tyrosine as 
a substrate, the proteolytic coefficient was found to be Coar=0.18x 10 
(Fig. 3). The quotient Cegz/Cccr=18.5 must be regarded as a characteristic 
property describing the specificity of the present protease. 

The relation between velocity of the enzyme reaction and the substrate 
concentration determined shows a fair agreement with that conducted from 
the Michaelis equation, 1/v=(Kn/VS)+1/V, (Fig. 4. The Michaelis 
constant for glycyl-t-leucine according to the above equation becomes Kn= 
1.25 x 107? M. 

The relation between the velocity of the enzyme reaction and the 
reaction temperature was also examined (Fig. 5) and the activation energy 
of the reaction was computed to be E,=2.7X10* cal./mole, according to 
the Arrhenius equation In K=(—£,/RT)+const. 
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Fic. 4. Relation between the ve- 
locity of hydrolysis of glycyl-t-leucine 
by Streptomyces griseus protease and the 
substrate concentration. 

The concentration of the substrate 
used was 0.1, 0.05, 0.0125, 0.00625m 
mole per ml., respectively. In each 
case, the concentration of the enzyme 
was 0.165mg. of protein-N per ml. 
Reactions were carried out at pH 8.3, 
at 40° for 30 minutes and the liberated 
carboxyl groups were determined by 
the method of Grassmann and He- 
y de. 

In this figure, S is the initial con- 
centration of the substrate and v is the 
velocity of the hydrolysis. 


Wer 


Fic. 5. Relation between the velo- 
city of hydrolysis of glycyl-t-leucine by 
Streptomyces griseus protease and the re- 
action temperature. 

The concentrations of the enzyme 
and of the substrate were 0.22 mg. of pro- 
tein-N per ml. and 0.05mmole per ml., 
respectively, in each case. The tempera- 
ture of the reactions was 30°, 40°, 50° 
and 60°, respectively. Reactions were 
carried out at pH 8.3 for 150 minutes 
and the liberated carboxyl groups were 
determined by the method of Grass- 
mann and Heyde. 

In this figure, K is the velocity con- 
stant and 7 is the absolute temperature. 
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SUMMARY 


The substrate specificity of Streptomyces griseus protease has been in- 
vestigated by the use of many synthetic substances such as dipeptides, 
tripeptides, amino acidamides, amino acid esters, organic acid esters, and 
their analogous compounds. 

The protease was found capable of hydrolysing many peptides, amides 
and esters including therein the majority of the specific substrates of pepsin, 
trypsin, chymotrypsin, papain, cathepsin C, carboxypeptidase, leucine ami- 
nopeptidase, aminotripeptidase, glycyl-leucine dipeptidase, iminodipeptidase, 
etc. ‘The protease also hydrolyses the peptides involving p-amino acid re- 
sidues. 

From these data, it was confirmed that the present protease possesses 
the lowest specificity on record and is a peptidase of a new type which 
does not belong to the traditional classification, i.¢., endo-peptidase or exo- 
‘peptidase. 

Some kinetic properties of the protease were also reported in this paper. 
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The Journal of Biochemistry, Vol. 48, No. 6, 1960 


ON THE MUCOLIPID NATURE OF ABO-GROUP 
SUBSTANCE OF ERYTHROCYTES 


Sirs: 

Yamakawa and lida (J) found, in 1953, that the glycolipid of human 
erythrocytes stroma (so-called globoside) was capable of inhibiting hemag- 
glutination of erythrocytes of a given blood group by its corresponding 
isoantibody. Kabat (2) threw doubt upon the finding and pointed out 
the possibility that the inhibitory activity might be due to a contamination 
by group mucoid. However, Radin (3), Hakomori and Jeanloz (4) 
and recently Klenk (5) supported our finding and some of them tried 
further purification of the active material by column chromatography. 
Meanwhile, Yamakawa ond co-workers (6, 7) fractionated globoside and 
other glycolipids from various animal erythrocytes by silica column and 
indicated that group-active portion was completely separated from main 
mucolipid peak and further divided into two fractions. Despite repeated 
chromatography, the active material could not be obtained free from inert 
contaminant lipids. In order to obtain specific group material, a trial was 
undertaken to precipitate it by anti-human erythrocytes-rabbit serum and 
to extract a lipid from this precipitate. 

Chromatographically purified group A mucolipid (active portion II, 
60.6 mg. (7)) was dissolved in 3 ml. of physiological saline and to this solution 
50 ml. of anti-A-rabbit serum (60,000 agglutinating units) was added and 
placed at 37° for 30 minutes. Heavy precipitates separated out in a few 
minutes, which were centrifuged, washed with cold saline two times, then 
with acetone and dried im vacuo. Yield: 97.9mg*. By the extraction of 
this material with ether-methanol-chloroform (1:1:1) mixture, 17.8mg. of 
material was obtained. Residue: 71.7mg. The inhibitory activity of this 
lipid material was about the same as the specimen before precipitation. 
(0.3 ug. per 4 hemagglutinating doses). Infra-red absorption spectrum in- 
dicated a typical mucolipid pattern and the disappearance of ester C=O 
absorption band (ref. (7) possibly due to phospholipid) suggested that the 
material was purified by this procedure (Fig. 1). 

Analysis: Hexose (as galactose, anthrone) 22.7, Hexosamine (as HCl salt) 9.35, 
Reducing value (as galactose) 32, Sialic acid 3.6 

Though the material thus obtained is not yet pure and further works 
being continued, it is considered that the results may support our assump- 
tion that the group-active hapten of erythrocytes is mucolipid in nature. 


* On the other hand, B-active globoside preparation was not precipitated by this 
serum. 
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4000 3000 2000 1800 1600 1400 1200 1000 800 600 
cm: 
Fic. 1. Infra-red spectra of group-active lipid (1) before, (II) after 
precipitation with antiserum. 
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